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ABSTRACT 
In this thesis we present an experimental investigation of the mechanism of storage 
and stimulation processes in the X-ray storage phosphors BaFBr:Eu and related 
materials. Such materials are used in radiography and diffraction equipment to image 
X-rays, but the factors that govern the trapping and release of the image is still 
unclear. We used photostimulated luminescence (PSL), spontaneous luminescence 
(SL), and magnetic measurements to study the formation and release of charged 
defects of a series of pure and doped materials isomorphous with BaFBr. 
Samples of the materials BaFX (X = Cl, Br, I) and in both a pure form and 
doped with the rare earth ions La, Ce, Sm, Eu, Gd, Th, Dy, Tm and Yb were 
prepared, together with SrFX:Eu (X Cl, Br, I) and the non-stoichiometric samples 
BaF iBri+ (x = -0.2, -0.1, 0,,, 0.1, 0.2). and samples. doped with various amounts of 
oxygen. We also prepared the isomorphous compounds LaOX (X = Cl, Br, I). We 
designed and built a variable temperature. photostimulation and detection system to 
study the PSL and SL of these materials. 
The emission spectrum of BaFBr samples. doped with most rare earth ions was 
the same as the pure host material, the exceptions being the dopants Ce, Eu and Yb 
which showed evidence of transitions involvingions not in the trivalent state. Samples 
doped with Eu gave the most intense emission spectra due to the correspondence 
between the energy of recombination of electrons and holes in the host lattice,,and the 
465d- - W transition- of- Eu2 : -Emission-- spectra of the pure host "materials - show--
trends that correspond to trends in trap depths for differentiattices. 
The time dependence of PSL and SL of pure and doped BaFX and SrFX is 
found to obey a power law decay at medium and long times (100 - 6000s) over a 
wide range of temperatures (50-300K). Data were interpreted using a model in which 
the rate-determining step for the decay is the formation of new photostimulable 
centres by a random walk,, and related to the mobility of defect migration in the 
different host lattices 
Magnetometry and spin resonance measurements were used to follow the 
change in population of paramagnetic centres as materials were irradiated and then 
exposed to heat or light. Magnetic defects in LaOX samples are not erased at all by 
visible light. ' Magnetic defects in pure and doped MFX samples can not be entirely 
bleached by visible light and require heatingto temperatures of the order of 500°C to 
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CHAPTER 1: INTRODUCTION 
X-rays were discovered by Röntgen in 1895. Soon after their discovery, their 
application to medical radiography was recognised 1,  based on the observation that X-
rays can be transmitted through- the soft tissue of the human body, but are absorbed by 
bones and higher density organs. To obtain an image of the internal structure of the 
human body, a material whose properties are changed by X-rays is needed. Over a 
hundred years, the work searching for materials which perform this function has been 
conducted. During the past fifteen years, with the development of new materials called 
storage phosphors, which can retain an image of ionising radiation in the form of charged 
defects, a new method of obtaining a digital image of an X-ray signal has become 
feasible. The work in this thesis focuses on the study of X-ray storage phosphor 
materials which can be used for making re-usable digital X-ray screens. 
1.1 X-rays and X-Ray Phosphors 
X-rays are located in a much higher energy region than visible light in the 
electromagnetic spectrum, as shown in Fig. 1.1. 
Visible and - 
	
Microwave 	Jnfra-red 	ultra-violet 	X-ray 	y -ray 
im 	10mm 	100un 	l.tm 	lOam 	100pm 
Fig. 1.1 The classification of the spectral regions of electromagnetic radiation 2 
X-rays can not be detected efficiently by commercial photographic film which is most 
1 
sensitive to green-blue light. In practical applications, the energy of X-rays is transferred 
efficiently to the film using an intensifying screen in the form of an X-ray phosphor. This 
screen absorbs X-rays, and converts them into visible light, which can be detected by 
commercial photographic film. Fig. 1.2 shows a schematic figure of a conventional 




x-ray 	patient 	intensifying 
source screen 
Fig. 1.2 The schematic diagram of a conventional medical radiography system using an 
- 	 intensifying screen. 
A good X-ray phosphor should at least satisfy the following requirements: high 
X-ray absorption, high density, and high conversion efficiency. For many years, the 
inorganic phosphor CaW04 has been used as the active component of the intensifying 
screen. Surprisingly enough, this well-used material does not satisfy these requirements 
very well: its X-ray absorption is relatively low, since only one of the six constituent 
atoms shows strong X-ray absorption in the range 30-80keV, which is the range of 
medical importance; its density (6.06 g cm 3) is not particularly high; and it is difficult to 
detect the full range of its broad band emission. Most detrimental, however, is its poor 
X-ray to light conversion efficiency which is only 5% 3.  Another problem with CaW04 is 
2 
the existence of a severe afterglow which causes the appearance of a ghost image on the 
screen after subsequent exposure. Although CaW04 is an inexpensive and stable 
material, the intrinsic drawbacks of CaW04 are significant. For this reason, the search for 
better X-ray phosphor materials has been continued ' 5. Some new compounds have 
proved to-be good X-ray phosphors. Among them, there are 
alkali-earth sulphates and phosphates (Ba, Sr)SO 4:Eu, Ba3(PO4)2 :Eu; 
cesium iodide doped with Na or Tl; 
alkali earth fluorohalides (BaFC1:Eu, BaFBr:Eu); 
rare earth oxysulphides (Gd 202S:Th, Y202S:Th). 
1.2 X-ray storage phosphors 
An alternative to commercial film-based technology has been developed, using 
inorganic storage phosphors to capture the image rather than silver halide films. The idea 
is to use X-ray storage phosphors to convert the pattern of transmitted X-rays into a 
digital signal utilising scanning laser stimulated luminescence (SLSL). In 1983, the Fuji 
Corporation developed the first system for medical radiography based on X-ray storage 
phosphors 6  The basic -components of the system are -as follows: the image sensor, 
called the imaging plate in this specific system, which can temporarily store the X-ray 
energy pattern; the image reader, which converts the latent image on the imaging plate 
into analogue and subsequently digital time-series signals; the image processor, which 
manipulates the image digitally; and the image recorder, which records the processed 
signals on a film or computer. 
Fig. 1.3 shows an X-ray imaging system based on the storage phosphor 
BaFBr:Eu. The X-ray film is replaced by a storage phosphor screen (image sensor) as a 
primary image receptor. This imaging plate is a flexible plastic sheet that is coated with 







I 	I 	 - computer 
storage 	
Filter L - photomultiplier phosphor 
Fig. 1.3 Schematic of a medical radiography system based on the use of a storage 
phosphor such as BaFBr:Eu. 
The transmitted X-ray photons are absorbed by the storage phosphor in the 
screen,, where a dose-proportional amount of energy is stored. The latent image in the 
screen is read out by scanning the phosphor screen with a focused HeNe laser (image 
reader) with a wavelength of 632.8nm. The red excitation causes electron and hole 
recombination, resulting in photostimulated luminescence at 390nm. This blue emission 
is then collected by a photomultiplier tube (image processor). The digital data can be 
stored in a computer (image recorder), and the X-ray image can be visualised on a 
monitor or by making a hard copy. The phosphor screens may 'be re-used after being 
bleached under sunlight or low-pressure mercury lamps. 8 . The sensitivity of this new 
system is 100 to 1000 times higher than those using an intensifring screen with 
commercial halide 'film 9, 10. The digitised images 'obtained with this system can be 
processed by a computer which offers the possibility of digital manipulation and 
facilitates archiving. 
The performance of the X-ray storage system depends on the performance of the 
image plate and the resolution of the scanning and detection system 11 . The 
performance of the plate depends on the properties of the phosphor material, size of the 
particles, irradiation energy 12, 13, and the film thickness 14, 15• The requisite properties 
of a good storage phosphor materials are as follows. 
The absorption coefficient for X-rays must be high. This can be achieved by using 
compounds of elements with a high average atomic number Z. 
It must have a high sensitivity in emitting PSL radiation when it is stimulated. 
The emission spectrum should be in the range of 300 - 500 nm, where 
photomultiplier tubes have high quantum efficiency. 
The PSL response time must be less than 10 J.tsec to permit high-speed read-out. 
The fading of the stored image has to be slow. The information should at least be 
capable of storage for several hours. 
It must be capable of efficient bleaching so that it may be re-used. 
None of the photostimulable phosphors known can satisfy all of these 
requirements. Therefore a search for the ideal photostimulable phosphors is still being 
conducted. There are a large number of new materials that have been found to have the 
potential to behave as storage phosphors, including BaF(Cl, Br):Eu, RbBr:Tl 16  KBr:In 
17, 18, Ba2B5O9Br: Eu2 19,  Ca5(PO4)3(F, Cl):Eu 20,  and Ba4OBr6 : Eu2 21•  So far, the 
best photostimulable storage phosphor is based on BaFBr:Eu, barium fluorobromide 
doped with a low concentration (approximately 0. lmol%) of europium ions. No 
alternative with equal or better performance has been found. 
1.3 X-ray storage phosphor BaFBr:Eu 
The X-ray storage phosphor BaFBr:Eu has a reasonably high physical density 
(p = 4.96 gcm 3) and, therefore, it is able-to absorb an-acceptablefraction ofincident X-
rays per unit volume. The PSL intensity is linear over at least four decades of the X-ray 
dose (102 _102 niR) 6,  which means that it can accommodate a wide range of 
5 





Fig. 1.4 Photostimulation (a) and emission (b) spectra of BaFBr:Eu. 
The broad excitation band spans the red to green part of the visible spectrum, which 
means HeNe or diode lasers can be used for stimulation. Its strong emission located at 
390nm is in the sensitive region of most photomultiplier tubes. The photostimulation 
response time is 0. 8p.sec, which allows high-speed reading of the image for practical use. 
It has an excellent stability of the stored signal of the order of days in the dark. Finally, 
the imaging plate may be reused after each exposure simply by flooding it with light to 
release the residual energy it contains. 
In addition to its use in medical radiography, BaFBr:Eu storage phosphor has 
applications in other fields. It can also be used in X-ray diffiaction equipment, where 
current applications are found in protein crystallography 23  The advantage is the higher 
sensitivity of the plates, resulting in a shorter exposure time. This limits the damage of 
the -sample by the radiation, and provides more accurate data sets 24  Further 
applications can be foreseen in the field of data storage where a IJV beam is used to 
write the information onto a-disk coated with a thin UV sensitive storage phosphor 25• 
The use of storage phosphors in the fields of dosimetry may also become important 
where the UV monitoring may become an interesting application in respect to the 
growing "ozone hole" in the atmosphere 22  BaFBr:Eu can also be used to make nuclear 
radiation detectors, and imaging plates for use with neutron 26  or synchrotron 24, 27 
radiation. 
Despite the wide spread use of this material as a storage phosphor, it is not 
perfect for this role 28, 29 The image is not perfectly stable, and decays slowly in the 
dark at room temperature. Its PSL signals can not be erased perfectly by 
photostimulation or optical bleaching which results in ghost images on the plate 30, 29 
The resolution of the image also depends on the thickness and the grain, size of the 
phosphor materials. It is reported that thinner plates and smaller grain sizes improve the 
resolution 22  On the other hand, the decreasing- plate-thickness, or smaller grain size of 
the powder,. results. in an increased- signal. noise- due to. larger- inhomogeneities.in the local 
powder density, or a loss in intensity due to the fact that smaller grains contribute less 
PSL per unit volume. 
Over th& past-ten-years, many-experiments-have--been-performed to undertand
­­
7 
the properties of BaFBr:Eu phosphor and to improve the performance of X-ray storage 
phosphors. Different types of ionising irradiation, such as X-rays 31, 32, particles 33, 
y -rays 34,  UV light 35, 36, proton beams 37  and synchrotron radiation -38;. are-used to 
create electrons and holes. The recombinationprocesses have--b -stu.died.at--dierent 
temperatures by photostimulated luminescence (PSL) 39, 40, infra red emission spectrum 
(JR) 4 l' 42,vacuun ultraviolet '(VUV) 43 ' 44, 45,46, opticaL absorption measurements 47, 
48thernllystiiulated.luminescence(TL):47, 49, 33, 50-. magnetic-circular diehroisn, of 
theabsorption(JvfCDA).M 52, 53,, electron- spin resonance(ESR)- 52 ' 56 .. Optieal1y 
detected--EPR-{ODEPR')- 52, . 53, 5 nuclear- magnetic- resonance-(NMR.)58, 59,.  optically 
detected electron" nuclear double- resonance (ODENDOR) 5.1  'and' photoconductivity- 60, 
43, 53, 61, 40 measurements. 
Different rare earth-depedBaFBc-samp1es as-well as other-related- compotnds, 
such as LaOBr, have been studied in order to understand the mechanism of BaFBr:Eu. 
7 
Several models for the mechaniSm of PSL process- have been proposed based on these 
experimental results, and we briefly introduce these below. More details will be 
discussed in - Chapter 2. 
1.4 Mechanism--of-storage-and-stimulation of defects-in-- BaFBrEu- 
In spite of the dominance of the new storage phosphor BaFBr:Eu, the 
mechanism of storage and stimulation are still not fully- understood. The fact that 
BaFBr:Eu can be used as a good X-ray storage phosphor was discovered by accident 
during the screening, of new materials for use in cathode ray tubes '. BaFBr:Eu was 
observed to have a-very long -afterglow in its luminescence, making it most unsuitabl for 
this purpose, but very promising as a storage phosphor. It is generally believed --that 
defect centres- in--the- BaFBiEw -crystal--lattice- take part- in- the--s ge-andstim&4ation 
processes 58  The operation' of a generic -storage phosphor is-depicted schematical\y in 
Fig. 1.5. 
E 	 Conduction -Band 
a 
	
-VVVV-r - - - - 	 Electron 
I. Q Hole 
04 	 Q Valence-Band 
Fig. 1.5 Energy diagram illustrating the various electronic transitions in a storage 
phosphor: (a) generation of free electrons and holes; (b) electron and hole trapping; (c) 
electron release due to stimulation; (d) recombination. 
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On irradiation, electrons are promoted from the valence band to the conduction 
band. In a storage phosphor. a number of the free charge carriers thus are caught by 
electron traps and hole traps. The traps are localised energy states in the bandgap 
,produced by impurities or lattice defects. If the trap depth AE is large compared with kT 
(where k is the Boltzmann constant and T is the temperature), the probability for thermal 
escape from the trap will be negligibly small at the temperature T, and a nietastable state 
of the electron is created. The stored energy can be released by thermal or optical 
stimulation. The sensitivity of the system is higher owing, to a higher sensitivity of a 
photomultiplier tube to light compared with photographic film. In the case of thermal 
stimulation, the irradiated phosphor is heated to a temperature at which the energy 
barrier AE can be overcome thermally. The trapped electron (or hole) can escape from 
the trap and recombine with the trapped hole (or electron). In the case of radiative 
recombination, luminescence is observed, which is called thermally stimulated 
luminescence (TL). Under optical stimulationthe energy of an incident photonis used to 
overcome AE. The luminescence prompted by optical stimulation is called 
photostimulated luminescence (PSL). 
The original model for storage and stimulation in BaFX:Eu proposed by 
Takahashi et a! 6° assumed the existence of halide vacancies in the BaFBr crystal lattice 
which trap electrons, and Eu 2  ions which trap holes. Later, von Seggern et al. 62  and 
Hangleiter et al. 39  proposed a new model and suggested that electrons and holes stay in 
. 
close proximity to Eu2+  and form a tnple aggregate of Eu
2+, hole and electron centres. 
More details of these models wilt be discussed in Chapter 2. So far, neither of these 
models can describe all experimental observations of the storage and stimulation 
processes satisfactorily. 
1.5 Purpose of our work 
In order to elucidate the storage and stimulation processes in BaFBr:Eu, we 
synthesised BaFX:Eu (X = Cl, Br, I), as well as the pure host material BaFX and the 
related strontium salts, SrFX:Eu. BaF 1 Br1,(x = -0.2, -0.1, 0.1, 0.2), pure BaFBr 
samples doped with different rare earth earths La, Ce, Sm, Gd, Th, Dy, Tm, Yb were 
also prepared to elucidate the role of halide vacancies in the storage and stimulation 
processes, and of the rare earth ion. We also investigated other host materials 
isomorphous with BaFBr to determine whether they would provide a good basis for an 
inorganic storage phosphor, and to this end prepared and studied the materials LaOX (X 
= Cl, Br, I). Finally, to investigate the nature. of hole traps in great detail, we deliberately 
doped BaFBr with 02- impurities. BaFBr doped with EuC1 2 was also studied in order to 
compare it with BaFBr doped with IEu 203, which. is the common source of europium ions 
in the doped materials. 
To understand more about the mechanism of storagc and stimulation processes, 
we conducted a number of different optical and magnetic measurements to characterize 
defect energies, stability and populations Such properties were first, studied by PSL, 
spontaneous luminescence (SL) (i.e. luminesôence produced by an irradiated sample in 
the dark as defects spontaneously recombine through, thermal stimulation). and ESR. 
Further insight was provided by the measurements of PSL and SL at non-ambient 
temperatures, for which a new low temperature photo stimulation and detection. system 
was designed and built in our laboratory. PSL and SL decay measurements were 
performed in the temperature range between 50 and 300K to observe the charges held in 
shallow traps, and the influence of migration of crystal defects. 
These studies were alt intended primarily to provide a better understanding of 
the storage and stimulation of radiation images in BaFX:Eu, but also had the purpose of 
elucidating the question 'what. constitutes a good storage phosphor?' To date, progress in 
developing new materials has been serendipitous; the work described in this thesis aims 
to provide a more methodical apptoach.to such research. 
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CHAPTER 2: DEFECTS IN BaFBr:Eu 
This Chapter starts with an introduction to crystal defects and luminescence 
centres in solids, then discusses the more specific case of BaFBr:Eu X-ray storage 
phosphors and the related materials we studied. Finally, the models which have been 
developed to rationalise the storage. and stimulation. processes in these materials are 
introduced. 
2.1 Crystal defects and luminescence centres 
According to the Third Law of Thermodynamics, all solids inevitably contain 
intrinsic point defects and chemical impurities. Even, if crystal defects. were not 
introduced deliberately in synthesis, they would still form spontaneously. Any defect will 
lead to breaks in the regular periodicity. of the crystal lattice, and perturb the electronic 
structure. The electronic and optical properties of many solids are in fact dominated by 
such effects. For example, the, application of semiconductors in solid state devices 
depends on the electronic levels of deliberately introduced defects. For this reason, a 
considerable amount of research has been carried out to understand the properties of 
these defects 63, 64, 65 
2.1.1 Point defects in. solids 
The type and concentration. of defects in. a. crystal depends on their thermal 
treatment, the form and duration of irradiation, and the nature of impurities in the 
starting materials. Because of their simple structure, and ease of crystallization and 
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purification, crystal defects in alkali halides have been intensively studied 66,  and these 
hosts are often used as prototype materials for the study of defects in other, less well 
characterized ionic solids. From these studies a wealth of valuable information on defect 
behaviour has been gathered. 
These are forms of 'point defect', so called because they may - indeed often do - 
occur in isolation. The most common intrinsic defects are lattice vacancies and interstitial 
atoms. Isolated impurities can also occupy either substitutional or interstitial positions. In 
ionic solids defects are usually charged, since they introduce an imbalance of ions of 
different types. In the bulk of the crystal, a build-up of charge cannot be tolerated, as it 
would lead to a very high electrostatic potential. Significant numbers of charged defects 
can only exist if the charge is compensated by that of other defects of opposite polarity. 
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Fig. 2.1 Simple point defects. (a) Schottky defect, consisting of a cation and an anion 
vacancy pair. (b) Frenkel defect, in which an atom moves to an interstitial site, leaving a 
vacancy behind. 
Fig. 2.1 shows two of the simplest types of point defects in an ionic crystal: (a) 
is a Schottky defect, consisting of an anion and a cation vacancy, with overall balancing 
of charge; (b) depicts a Frenkel defect, which is a vacancy balanced by an interstitial 
atom of the same type. Frenkel defects are largely confined to one kind of ion in a 
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particular lattice. Similar considerations of charge compensation can be applied to 
chemical impurities. When one ion is substituted for another of different charge, 
appropriate vacancies or interstitials may be formed in the neighbourhood to balance 
charge relative to that of the pure host lattice 64 
The simplest type of charge trap is called an F-centre (named after the German 
'Farb&, which means colour), which is an electron trapped in an anion vacancy. Fig. 2.2 
65  shows such a F-centre and several other different types of defects in an alkali halide 
lattice. The F-centre is electrically neutral in alkali halides and BaFBr. However, it may 
lose its electron forming a F-centre, which has a single positive charge relative to the 
pure host material. When there is an extra electron trapped in the F-centre, it is called a 
F'-centre, which shows a single negative charge. When a F-centre is adjacent to a cation 
impurity, it is called a FA-centre  (Fig. 2.2). F-centres can also form aggregates 65 
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Fig. 2.2 Common types of defects found in the alkali halides MX as discussed in the text. 
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Holes may also be trapped at lattice imperfections, a simple case being the VK-
centre which is a hole localised between two adjacent halide ions. It can also be 
described as a X molecular ion, where X is a halogen atom, and is created from two X 
ions and a hole. It has an effective single positive charge relative to pure crystal. 
Another common hole trap is the H-centre (Fig. 2.2) which is a neutral split 
interstitial with two ions replacing one at the same site. In alkali halides, both H-centres 
and VK-centres can be created by exposure to ionising radiation at low temperature, but 
they are not stable at room temperature. 
All the defects we have described so far are point defects. In addition to point 
defects, solids also may contain extended defects, which can be classified as linear or 
planar, according to the region of the crystal affected. The most common type of linear 
defect is a dislocation, associated with a fault in the arrangement of atoms along a line in 
the crystal lattice. The planar defect is a grain boundary between two crystallites. The 
most universal type of planar defect is the crystal surface, which forms a planar 
termination of the bulk crystal. In this thesis, we will be mainly concentrated with point 
defects, in BaFBr:Eu crystal lattices. 
2.1.2 R2diation-induced defects 
Point defects are normally present in thermal equilibrium with the host lattice, 
and formation enthalpies and entropies determine defect concentrations. Under 
irradiation with X-rays or electrons, an externally controlled population of defects may 
also be produced. The energy of such radiation may be many orders of magnitude 
greater, than kT at ambient temperatures, so the final point defect populations can be far 
from those for normal thermodynamic equilibrium at that temperature. One may also find 
some defect species which are not present under equilibrium conditions. For example, in 
a crystal that normally shows cation Frenkel disorder, one might be able to bombard it 
with irradiation so as to produce displacements only on the anion sublattice 65  Heavy 
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irradiation may also induce transient defects. Some of these defects only last while the 
irradiation proceeds, for some characteristic decay times are only of the order of 
picoseconds. Others survive until the crystal is heated, but are always eventually 
annealed out at sufficiently high temperatures. 
One simplif'ing assumption in the discussion of radiation damage is that of a 
threshold for displacement of atoms in a crystal, that is, that a well-defined minimum 
energy transfer is needed. This is called the displacement energy ED.  Energy transfers 
exceeding ED  will cause atom displacement, either primary displacement, when a host ion 
is struck by one of the incident particles, or secondary displacement, when energy 
transfer is from a host atom-previously struck. 
Irradiation of a solid with different types of particles results in distinct types of 
damage. Electron beams produce well separated point defects, since the mass of the 
electron is small. Light ions, such as protons, and neutrons can induce larger damaged 
regions, containing up to a few hundred vacancies and interstitials. Heavy ions, with 
atomic weights in the range 80-160 leave heavily damaged tracks, perhaps 10 jim long, 
as they deposit their energy in the lattice. It is worth mentioning that electrons can 
respond rapidly to a sudden perturbation, so that high-energy charged particles tend to 
excite electrons preferentially. This may be contrasted with electromagnetic radiation for 
which a frequency w suffices to excite an electron across the bandgap Eg, where hw = 
Eg , but for higher-energy sources such as X-rays, about 3Eg of energy is dissipated for 
each electron-hole produced 65 
During X-ray irradiation, only one third or less of the total energy of the 
incoming radiation leads to the creation of ionized charge in an insulating phosphor. If it 
is of sufficient energy, the ionized charge itself can gives rise to ftirther ionization events. 
This continues until the ionized particles have kinetic energies of the order of several kT. 
Such defects are said to be 'thermalised' At these kinetic energies, it becomes possible to 
trap this charge at lattice defects, which lie in the gap between the valence and 
conduction bands. 
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To successfully produce vacancies and interstitial species by irradiation, the 
energy of the irradiation must exceed the sum of the formation energies of the defects: it 
must exceed the energy of any transient intermediate stage of the photochemical process. 
Even if vacancies and interstitial are formed, many of them recombine in. a very short 
time. Recombination can be inhibited in two ways. There may be a local barrier, but 
more effectively the collision sequence cati take. the. interstitial far from the vacancies. In 
fact, there are also significant photochemical reactions after excitation, preventing total 
recombination. For instance, the reaction X + X ° -* X occurs when alkali halides are 
irradiated at low temperature. 
In ionic solids, charge conservation and charge compensation are very important 
in determining radiation damage, since long-range Coulomb forces can overwhelm 
elastic interactions. Also, the relative ease with which anions bond to fonm molecular 
units, and the unwillingness of cations to do so causes preferential damage on the anion 
sublattice. 
A sequence of secondary reactions usually occurs after initial radiation. Much 
research has been conducted on alkali halides 65 to probe such phenomena. In the case of 
the irradiation being carried out at liquid helium temperatures, it is found that the main 
defects are created at neutral anionvacancies, F-centres, and neutraL anioninterstitials or 
H-centres. F-centres and H-centres are immobile at these temperatures. As the sample is 
warmed to liquid nitrogew temperatures (. 77K),.. H-centres will become mobile and 
undergo several types of reaction to form the so-called V J( centres and to recombine 
with vacancies. Some centres are trapped by impurities. These complexes dissociate at 
about 50K, forming a variety of simple complexesthat are not paramagnetic. 
As the temperature is raised towards room temperature, the anion vacancies can 
form small clusters. The F-centres aggregate to from. complexes of two (F2 or Mi centre), 
three (F 3 or N centre) or four (F 4 or R centre) neutral anion vacancies. The aggregation 
takes place by diffusion, which depends on both the charge state and the electronic state. 
From about 200K, where the interstitial species are mobile and the vacancies immobile, 
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the interstitial species can aggregate and react with H-centres to form a neutral halogen 
molecule (eg. X ) in a cation-anion vacancy pair. This defect is almost impossible to 
detect, since it shows. no ESR signal,_ no distinctive optical absorption,.. and has no infra 
red activity. Most evidence for it comes from detailed theory 65.  If irradiation is carried 
out at a few hundred degrees centigrade, then the F-centres are also mobile. Growth of 
metal colloids from the anion vacancy aggregates may occur, along with more complex 
dislocation loops from the clustering, of interstitial atoms. The halogen, molecule defects 
formed, along with the dislocation loops, may aggregate to form gas bubbles. 
2.1.3 Electronic properties of defects 
F-centres comprise an electron in an anion vacancy. Their energy distribution 
function can be. calculated using the SchrOdinger equation, with an expression for a 
realistic potential. To a good first approximation it may be treated in a. similar fashion to 
an electron on a hydrogen atom, with suitable adjustment of the dielectric constant from 
that of a vacuum, to that for the host, lattice. Fig. 2.3 depicts a typical potential well for 
the electron which is calculated as a function of distance from the vacancy. 
r 
Fig. 2.3 Schematic illustration of the potential well of an electron in a F-centre depicting 
ground and excited electronic states. 
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In an ideal crystal, the potential energy adopts the periodicity of the lattice. 
However, all defects and impurities break this regular translational symmetry. In non-
metallic solids, defects and impurities can introduce extra electronic levels into the 
energy gap, as shown in Fig. 2.4. 
Fig. 2.4 (a) and (b) show electrons or holes trapped in levels close to the band 
edge, such as in semiconductors. Fig. 2.4 (c) shows a case where a defect level just 
below the edge of the conduction band is. empty in the ground state. Levels suchas this 
can act as traps for optically excited electrons. The trapped electrons may form centres 
for processes such as luminescence. Fig. 2.4 (d). is a similar type. of defect which is an 
occupied level just above the valence band edge, forming a trap for holes in the valence 
band. 
E 	 e 	e 	 Conduction Band 
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Fig. 2.4 Examples of common defects in non-metaffic solids. Open circles depict empty 
electronic states and closed circles electrons: (a) and (b) defect levels providing free 
electrons or holes; (c) and (d) defect levels acting as traps for electrons. or holes; (e) 
levels giving optical absorption at energies below the band gap. 
In alkali halides, the defect levels are thrther from. the band edges. Free carriers 
can not be produced by thermal excitation at normal temperatures. But they have a very 
important property that they have lowlying excited states, so that they can absorb light 
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at energies well below the band gap, as shown in Fig. 2.4 (e). Similar optical properties 
also result from impurities such as transition-metals, as well as rare earth ions, where the 
localized d or f electrons have their own optical absorption spectrum. In. this case, 
luminescence measurements provide a useful way to study the properties of these energy 
levels. 
Luminescence processes involve the change in occupancy of the various 
localized energy states, implemented by excitation of a transition from one electronic 
state to another. When the. excitation energy exceeds the band gap energy,...a valence 
electron from a host atom may be excited into the conduction band in which state it has 
enough energy to move through the lattice. For every electron excited to the conduction 
band, a hole is left behind in the valence band. Thus, ionization creates electron-hole 
pairs called excitons which. may wander in_ a. correlated fashion through. the crystal until 
they become localized at defect centres. The localized electrons and holes may be 
released from their traps by thermal or optical excitation whereupon they are once again 
free to move through the crystal. These free electrons and holes can also recombine with 
each other in the conduction.band. If we use. the recombination modeLof donor and 
acceptor species in semiconductors 65 ,  the recombination energy Er can be written as 
Er  = Eg  — (ED ±EA )—f(R)+.-_ 	 (2.1) 
S O R 
where Eg  is the gap between the conduction band and the valence band, ED and EA are the 
energies of the donor and acceptor levels relative to the valence and conduction bands 
respectively. The last two terms in 2.1 arise from the interaction between the defect 
centres f(R) being a small. overlap term. for the defect centres separated by a. distance 
R, and the last term arising from the electrostatic interaction between the opposite 
charges, where e0  is the permittivity of free space. If this recombination mechanism is 
accompanied by the emission of light, then luminescence results. 
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Recombination luminescence can be induced optically or thermally. For radiative 
excitation, optical spectroscopy is a very useful tool to unravel the sometimes 
complicated electronic structure of localized centres and the processes of energy transfer 
between different centres in the solids. For photostimulated luminescence measurements, 
excitation or emission spectra are obtained by either scanning excitation energy and 
detecting emission at a certain wavelength, or fixing the excitation wavelength and 
scanning the emission energy. If the time behaviour of the emission is to be studied, 
energies of both the excitation and emission are fixed, and the time dependent 
luminescence intensity is recorded. 
In the X-ray storage phosphor BaFBr:Eu, thermally stimulated luminescence is 
observed at room temperature without photoexcitation. However, many of the trap 
depths are relatively deep compared with kT at room temperature so that although there 
is a strong thermodynamic driving force to restore the concentration of radiationinduced 
defects to the equilibrium concentration characteristic of the material, the sample must be 
heated significantly to overcome the kinetic barrier to recombination. However, 
annealing of radiation. damage is. a tool not, only for removing damage, but also for 
obtaining important information about defect properties. Experiments such as glow 
curves measurements, that is the measurement of luminescence as a function of 
temperature as the sample is heated, have been used for over fifty years to observe total 
light emission in solids at different temperatures 67.  Such measurements have been 
conducted on the storage phosphor BaFBr:Eu by several groups 49, 55, 50' 68 . 
2.1.4 Luminescence processes at impurity centres in solids 
Impurities such as transition metals doped into the crystal lattice can act as 
luminescence centres. We assume for the moment that the host lattice does not absorb 
the radiation. Fig. 2.5 shows such an optical centre A in a solid. A can absorb the 
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irradiating light and make a transition from the ground state to an excited state. If the 
excitation is within the visible region, the sample appears coloured. The centre A in the 
excited state will return to the ground state by either a radiative or nonradiative process. 
The former case is known as luminescence. In the latter case, the energy of the excited 
state is used to excite the vibrations of the surroundings, generating heat. 
A more complicated situation occurs if two centres are close together. Fig. 2.6 
shows two optical centres A and B. The centre A may be excited, and the energy may be 
transferred to the neighbouring ground state centre B: 
A* +B  _A+B* 
This process may be followed by optical emission or by nonradiative decay from B. 
Emission 
Excitati 
Fig. 2.5 Luminescence processes in a centre A, excited optically, and relaxing with 




Fig. 2.6 Energy transfer between centre A and centre B in a solid. 
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Consider a dopant ion in a host lattice, and assume it may decay radiatively on 
excitation. Such a centre will also interact with the vibrations of the surrounding lattice. 
The simplest way of describing this interaction is to use a configuration coordinate 
diagram, as shown in Fig. 2.7 which is a plot of the potential. energy E against the 
configuration coordinate Q, which is the degree of lattice displacement in some 
vibrational mode in the vicinity of the defect. Parabola u describes the potential of the 
ground state and v that of the excited state, while Qo and Qa'  are the equilibrium 
positions in u and v respectively. 
Fig. 2.7 A configuration coordinate diagram. u and v are the ground and excited states, 
respectively. 
Within each potential well, some of the vibrational energy levels have also been 
drawn. In the lowest vibrational state, the waveftinction has the maximum probability at 
Qo. Optical absorption corresponds to a transition from the ground state to the excited 
state, and is shown vertically on the plot. The transition from u to v is so rapid that the 
surrounding lattice does not change during the transition, according to the Born-
Oppenheimer approximation. The transition ends on the edge of parabola v, where the 
vibrational states have their highest amplitude. The probability of the optical transition 
from the n = 0 level of the ground state to the mth vibrational level of the excited state is 
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proportional to 
<v(Q) I r I u(Q) >< V,,, I u O > 	 (2.2) 
where r represents the interaction between states u and v, and vm and u0 the vibrational 
wavefunctions. After the absorption, relaxation will occur to the lowest vibrational level 
of the excited state. The excessive energy is passed to the surrounding lattice as heat. 
The system of the dopant ion and its surroundings is then in the relaxed excited state. 
The emission process can be described in exactly the same way as the 
absorption, shown in Fig. 2.7. Finally, the system relaxes within the u parabola to the 
lowest vibrational level. The emission transition will usually be situated at a lower energy 
than the absorption transition. The difference in energy between absorption and emission 
is called the Stokes shift. 
When two luminescence centres, A. and B,. are relatively close to each other, the 
relaxed excited state of A may transfer its energy to B which is in its ground state. This 
process happens if the energy differences between the ground and excited states of A and 
B are equal, and if a suitable interaction between both systems exists. The interaction can 
be either an exchange interaction, which depends. on the waveftmnction overlap,, or an 
electric or magnetic multipolar interaction. Fig. 2.8 shows the energy levels and the 
parameters involved. The spectral overlap is shown in the lower picture. The emission 
A* -+ A releases the energy, which is transferred to the centre B, and the excitation B -+ 
B* occurs. gA(E) and gB(E) are line shape functions respectively. The transfer probability 
can be written as 
BA =I<B,A' HBA.I.B,A.>12 jg B (E)gA.(E)dE 	(2.3) 
where HAB  is the interaction operator which depends on the interaction mechanism. 
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Fig. 2.8 Energy transfer from centre A to centre B. HAB  is the interaction between A and 
B. The hatched area in the lower picture presents the spectral overlap. 
2.2 Crystal structure of BaFBr and its defect centres 
2.2.1 Crystal structure of BaFBr 
BaFBr is an insulator with a band gap of 8.3eV. It has the tetragonal layered 
'Matlockite' stmcture (P4/nmm; D40 with planes of halogen or metal ions 
perpendicular to the c axis, as shown in Fig. 2.9. These planes adopt the regularly 
ordered sequence F-M-X-X-M, where M = Ba and X = Cl, Br, I. The relatively easy 
cleavage of the (001) planes is associated with the weak bonding between these planes 
69, 70 When a europium ion is doped into BaFBr, it substitutes for Ba2 in the lattice. 
Table 2.1 gives the unit cell of BaFX and SrFC1 crystals 69, 71: 
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Material a/A c/A 
SrFCI 4.1 6.88 
BaFC1 4.38 7.22 
BaFBr 4.508 7.441 
BaFI 4.654 7.962 




Fig. 2.9 Structure of BaFX (X = Br) with the unit cell picked out in black 
There are other compounds which crystallise with the BaFX structure. Among 
them are 72: 
• metal hydrogen halides MGX; 
• fluorohalides MIFX where M is Ca, Sr, and Pb; 
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• • oxyhalides BiOX and MOX (where X = Cl, Br or I and M is a 4f or 5d element); 
• oxysuiphides of Zr, Tb, U, and Np; and 
• numerous semi-metallic ternary pnictides and chalconides such as ZrSiS and NbSiS 
in which the metals are not exhibiting their normal valences. 
In LaOX (X = Cl, Br, I), 0 takes the place of F in the lattice, and M = La; X = 
Cl, Br, 173.  
2.2.2 Fcentres in BaFBr 
Just as for other ionic solids, real BaFBr crystals contain defects. In BaFC1 and 
BaFBr, F-centres can be occupied at F, Cl - , or Br vacancies, forming F(F), F(C1) 
and F(Br) centres respectively. The F(F). centre has D2d  symmetry, while the F(Br) and 
F(Cl) centres have C4v  symmetry. Evidence for these centres were first provided by 
optical absorption 60  and excitation spectra 31, 71, 70 In BaFBr, the absorption and 
stimulation spectra contain two peaks centred at 500nm and ôOOnm. Since higher 
energies are required to form F(F) then F(Br), it is tempting therefore to assign the 
600nm band to F(Br) and the 500nm band to F(F). Although the relative intensity of 
these two peaks vary considerably among the findings of different research groups, this 
can generally be explained as the difference in sample preparation and radiation history. 
Similar F band absorption is detected at 440nm for F(F) and 550nm for F(Cl) in BaFC1 
samples 70 
Further evidence of F-centre identification comes from doped samples with 
different ratios of fluorine and bromine. Br-rich samples contain mainly F(F) centres and 
F-rich samples containing mainly F(Br) centres. Iwabuchi ci al 53  studied the 
temperature dependence of the intensities of PSL,, using a HeNe laser (for. stimulating 
F(Br) centres) and an laser (for stimulating F(F) centres). They found that the 
photostimulation process has a thermal activation energy of about 37meV for F(Br) 
centres and about 1.3meV for F(F). The ESR signals of F(F) and F(Br) centres are also 
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detected in BaFBr 31  with flacifirw and bromine enriched samples. ESR spectra of two 
types ofF-centres were also repcwted in BaFC1 single crystals 31,71 
Different assignments were provided by Thorns et a! 42  They deliberately 
bleached the irradiated sample,. and observed that both F bands were erased 
proportionally. They assumed these two bands at 500nm and 600nm have to be assigned 
to the same F(Br) centre.. F(F). centre bands are reported at shorter wavelengths of 
370nm and 512nm. According to an IR emission study, they proposed that only the 
bromine F-centres were found to contribute to. the photostimulability, part. of which are 
spatially correlated with an Euhole complex. For uncorrelated centres, a ftirther 
activation, energy of 35±5meV is. needed,. corresponding to the escape. process from a 
relaxed excitation state (RES) to conduction band. The fluorine F-centre is not 
photostimulable by HeNe illumination, which is assumed to be due to the fact. that too 
high ãñ ãctivátiän energy 19 required. FA  (Eu2 , F) and M (agegate eentfe Of two 
neighbouring fluorine ion vacancies occupied by two electrons) centres are also reported 
to be unphotostimulable. This paper also indicated that the portion of photostimulable 
centres depends on the sample preparation and irradiation. 
Hangleiter et al 39 agreed with the above assignment. They noted a strong 
dependence of the spectrum. on. the polarisation of the excitation light for an oriented 
single crystal of BaFBr. This is caused by the crystal field distortion from the 
neighbouring atoms 74.  The ODEPR and ODENDOR signals of two types of F-centres 
were observed. Their luminescence experiments show that both emission bands can be 
excited by irradiating in the high-energy band of one of the F-centres. These emission 
properties can be explained by an energy transfer process. between the two types. of F-
centres, implying that they are spatially correlated 74 . The existence of such a correlation 
was also found from cross relaxation experiments 51  The energy transfer process 
between the two centres is radiationless. The energy levels of F(F) and F(Br) centres in 
BaFBr is given below in Fig. 2.10. 
Since the symmetries of both centres are isomorphous with respect to. each 
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other, the following considerations apply for both centres. The ground state has 
approximately an s-like wavefunction. and can be described by an. Al. state.. The 
degeneracy of the excited P states is partly lifted by the crystal field. The excited states 
split into B2 (Pz)  and E (px, p)T) states. If the electrical vector E is perpendicular to the c 
axis, only the transition Al to E can be induced.. For E parallel to c,. only the transition 
Al to B2 is excited. The E states reached are split by electronphonon coupling. 
1410.43ev 





Ak\_ 	 +~ "' 
c4v 	 D2d 
F(Br) 	 F(F) 
Fig.. 2.10 The energy levels of F(Br) and F(F) in BaFBr. 
F=centre aggregates, R, M, N centres, have been reported in a BaFC1:Eu crystal 
5 and FA( B, Sr2 ) and FA( B, Ca2 ) eontfeg were detted in Sr2 or Ca2 dOd 
samples, respectively 76, 77• In these centres, one of the twc nearest Ba2+  neighbours 
along the d dxis 19 replaced by S? or Ca 2 . Thëe edfitfdg ate less stable than FBr), and 
bëlievëd to be prOduced by ëxCitOñ deea.y. St 2 Or Ca2 doping reSults in the excitation 
spectra shifting into the infrared part of the spectrum. Such a shill may be of 
technological importance, enabling the use of light-emitting diodes instead of gas lasers 
for photostimulation, which is more practical for applications to imaging.hardware. 
Theoretical work on defect centres in BaFBr-type materials have been carried 
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Out by several groups 78, 79• Atomistic simulation shows Frenkel energies for the larger-
size halogen ion were less than for the fluorine ion, and less than the Schottky, energy for 
the metal, fluoride, and other halide ions 80•  In BaFBr, it is found that fluoride ion 
vacancies are more difficult to form than bromide or chloride ion vacancies, but the 
reverse is true for the interstitial ion 81 
2.2.3 Hole centres in BaFBr 
The nature of hole centres which are stable at room temperature in BaFBr are 
still not well understood. The hole centres were first proposed to be Eu2+  which traps a 
hole to yield Eu3 60  However, it is well known that Eu2 has the relatively stable fT 
half-shell configuration and the process M M 3 is less favourable than for other 
rare earth ions 82  Experimental results also show that X-ray irradiation does not oxidise 
Eu2 to Eu3+ . Based on their X-ray excited luminescence spectroscopy study, Crawford 
et al 41  reported that the hole centres are actually VKcentres formed by the following 
process: 
2Br +h— Br 
2F + h+ —> F 
This process is well known in alkali halides 65  In BaFBr, possibly more than one type of 
VK-centre exists: Br2  (two bromine atoms in adjacent planes), Br 2 (two bromine atoms 
in the same plane), F Br (fluorine and bromine in different planes), and F. It is found 
by experiment that the dominant radiative VK-centre in BaFBr is Br 2 ' formed with a 
hole trapped by two bromine anions which are located in adjacent planes and displaced 
toward one another 32•  This is in agreement with the theoretical work conducted by 
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Baetzold 80  as shown in Table 2.2 which shows that the out-of-plane Br 2 centre has the 
lowest formation energy, compared with other VK-centres. 
Formation Distance -Distance 
Defect species energy E between ions between ions 
(eV) in VK-centre (A) in crystal (A) 
F .11.21. 2.02 3.19 
FBr 8.53 2.58 3.45 
Br 	(in plane) 8.14. 3.13 4.51 
Br. (out-of plane) 7.14- 2.92 3.89- 
Table 2.2 VK-centre formation energies and displacements in a BaFBr crystal. 
The bromine-bromine distance in the Br molecular ion is 2.92A, compared with 3.89A 
in the unirradiated lattice.. There is a significant reduction in distance in this case, 
signifying the increased bond strength that arises from trapping the hole in an 
antibonding orbital. It will certainly lead to a movement of the surrounding host lattice 
ions, the so-called lattice relaxation. Similar results are also obtained in LaOBr 83, 73 and 
PbFC1 79  samples: the interplanar Br 2 and C12 centres are the respective predominant 
forms of intrinsic disorder in these two samples. 
The ESR signals of VK-centres were detected by Hangleiter et al 39 in a calcium-
doped BaFBr sample at 40K. Calcium impurity doping increased the yield of radiation 
damage products, but did not affect the structure of VK-centres. The sample was initially 
irradiated at 77K by X-rays. The detected VK-centre was successfully assigned to Br 2 
which trapped a hole sharing equally between bromide ions in adjacent planes. The 
absorption spectra of the VK-centre and its aggregates (V2 and V3 centres) are observed 
cIi 
in BaFBr 84  and BaFC1 85  crystals. 
At room temperature the VKcentres are mobile, at least perpendicular to the c-
axis 41,  and it is possible that they are trapped near Eu 2 ions in the doped material. It is 
suggested 41  that the VK-centre, trapped at Eu2+,  recombines with an electron to 
produce a self-trapped exciton, which undergoes radiationless decay into an F-centre-H-
centre pair. Thus the F-centre, hole centre and Eu2+  ion would be formed in close 
proximity. The recombination energy can then efficiently excite the Eu 2t 
Any impurities in the lattice, such as oxygen, hydrogen, or hydroxide, are 
suspected to be involved in the storage and stimulation processes. In CaF2 crystals, it is 
found that all colouration is associated with impurities, and very pure crystals are not 
noticeably affected by y irradiation 86  BaFBr absorbs oxygen from its growth 
environment during synthesis,.so that pure samples are practically impossible to produce, 
and all samples of this material studied to date have variable concentrations of oxygen. 
Experiments have been carried out to probe such defects by optical spectroscopy 87, 
ESR 51, 52, magnetic circular dichroism of the optical absorption (MCDA) and MCDA-
detected ODEPR. It is found 56, 58 that the monatomic divalent anion 02  can be 
substituted at both halide sites, although it favours F sites in the crystal, with the 
charge compensated by a spatially correlated bromide vacancy 52•  Because of its excess 
negative charge, O has a high trapping cross section for X-ray generated holes. 
Irradiation below 120K creates electron-hole pairs in which the electron is 
trapped in the bromide vacancy which associates with diamagnetic 02-.  The hole is 
trapped nearby as an out-of-plane VKcentre in the bromide sublattice. Upon warming to 
120K, VK-centres become mobile, and a fraction of the Br 2 VK-centres recombine with 
F(Br) centres giving luminescence. The remaining Br centres diffuse through the 
crystal and react with oxygen as: 
Br + O - —*2Br + O F 
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Thus, F( Br )- O. pairs are formed which are stable up to 200K. Above 200K, F-centre 
mobility increases so that it can diffuse away,. leaving an isolated O F. defect. O F  is 
paramagnetic and can be detected by magnetic resonance techniques. The experimental 
result for O F  is in agreement with the results of atomistic simulations which show the 
0 ion at fluoride site as the most energetically favourable case 88, O F  is found to be 
stable, and unperturbed even at room temperature 52, 57 
An Or  centre, that is an 0 ion substituting for Br, has also been detected by 
ESR measurement 57,  although there is no evidence for OBr2'.  In contrast to O, OBr  
can be induced by irradiation in low temperature. The formation of an O centre is not 
from the ionization of O or its reaction with a Br 2 VK-centre, but from inadvertent Br 
OH 	as Br 
OHBr + O r +H 
Substitution of Br by OH -  does not require charge compensation, so the F-centre 
forms, at least partly, as a result of the photoionization of the O centre. 
Oxide incorporation also increases the yield of stable F(Br) centres involved in 
the PSL process. F(Br) centres can be generated at very low temperatures, while it was 
shown that F(F) centres can only be formed near room temperature 51 . F(F) centres are 
considered to be created by a thermally-activated process 52, 56 which is assumed to 
involve an exciton collapse 51. 
Koschnick et a! 89  studied the spatial correlation between radiation-induced 
defects and the activator Eu 2 in BaFBr:Eu by ODEPR. Their cross-relaxation 
spectroscopy shows that a fraction of the F and the O centres must have a spatial 
correlation with the Eu2+ ions, as well as the VK and F(Br) centres produced at low 
temperatures. Instead of being trapped at the nearest-neighbour site, the second-nearest 
Br vacancy is found to be the favoured location of the O F  compensation F-centre 
90 
VK and F(Br) centres are generated with a mean distance of about 20A from the E u2+ 
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activators 89 
By nuclear magnetic resonance (NMR) measurement 58  in BaO-doped BaFCI 
and BaFBr samples, the molecular anions O also were detected on the chloride and 
bromide sites, respectively, it is still not clear if these O defects participate in the 
radiographic process. 
Hydrogen has also been investigated as a possible hole centre. Some researchers 
41 even claim that BaFBr:Eu must be fired in a hydrogen-containing atmosphere to 
work as a X-ray phosphor. Based on the work in alkali halides, and alkaline earth 
fluorides 65,  the most likely forms of hydrogen contamination would be OH and IF 
ions substituting for the halogen anions 41,  The IF centres are called U centres. 
Crawford eta! observed IF and OW ions in BaFBr:Eu with infrared spectroscopy 41. 
They proposed there are IF ions in F and Br sites called H S  ions. During X- 
irradiation, these defects trap holes as: 
H + h -* H -f H + vacancy 
where H o  is an H atom in a halogen site. H and 0 IF signals were also detected by 
NMIR measurements 58  in the sample heavily doped with BaO. It is suspected that the 
thermal dissociation of water during crystal growth is the source of the H and 0 IF in 
the BaFBr lattice 57 
2.3 Models for the PSL mechanism 
The precise PSL, mechanism of BaFBr:Eu is still not fully understood. It is 
believed that trapped electron and hole centres generated by the X-ray irradiation, and 
which are stable at room temperature, are involved... Several models have been suggested 
by different groups. Among them, there are two models which are historically important 
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and should be considered in greater detail, as they form the basis for further 
modifications. 
2.3.1 Takahashi's model 
The initial model for storage and stimulation in BaFBr was given by Takahashi 
et a! 60  in 1984, and was based on the measurement of UV/Visible absorption spectra, 
photoconductivity measurements, PSL and ESR spectra. Fig. 2.11 depicts the energy 
level diagram corresponding to this model. It is suggested that, after X-ray or UV light 
excitation, a fraction of the Eu2+  ions are ionised, changing to Eu3+  ions, and electrons 
are liberated to the conduction band. These electrons are trapped at F+  centres. On 
irradiation by visible light, the trapped electrons are again liberated to the conduction 
band and return to Eu3+ ions converting them to excited Eu2+  ions. Thus the Eu2+ 
luminescence at 390nm is observed. 
Valence Band 
Fig. 2.11 Energy level scheme of defects, dopants and host material in BaFBr:Eu by 
Takahashi et at. 60 
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In Fig. 2.11, the energy levels of the F(F) and F(Br) centres are simplified to be 
the same, and at a level which is located 2.0eV below the conduction band. The ground 
state 4f configuration of Eu 2 is 6.5eV below the conduction band. The energy 
difference between the first excited state (4f5il) and the ground state is 3.2eV. Higher 
excited states of Eu2+  are not shown except for a level corresponding to the maximum of 
the excitation spectra with respect to the 3.2eV emission. 
Von Seggern et al. 62  gave a dynamic description of this bimolecular 
recombination model in which X-ray irradiation generated unbound electrons and holes. 
Since the electrons move freely in the conduction band, the recombination rate r can be 
written as 
r=anm 	 (2.4) 
where a is the recombination coefficient for the radiactive and nonradiative transition, n 
is the number of free electrons and m is the number of Eu3+  ions. Because an electron 
missing at the Eu3+  ion can either be free or captured in an F+  centre, the number of 
recombination centres Eu3+  is given by 
m = fl +nF 
	
(2.5) 





where TF is the trapping time of the F+  centre, ao is an optical cross section, I is the laser 
intensity, and g is the carrier generation rate which is proportional to the absorbed X-ray 
dose rate. 
The balance for the number of F-centres at equilibrium can be written as 
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cin 	n 
0 O1'F 	 (2.7) dt TF+ 
By calculating the maximum photon emission rate during optical stimulation, the 
bimolecular recombination model shows a quadratic increase of PSL as a function of X-
ray dose. 
However, the model has been found to contradict certain experimental results. 
For example, the photon energy of the HeNe laser output at 632.8nm is just below the F-
centre-conduction band gap (2eV), and the PSL time constant was found to be 
independent of temperature 62•  This indicates that no thermal activation is involved in the 
process down to liquid helium temperature. A linear dependence of PSL intensity on 
dose was found which could not be explained by Takahashi's model. To resolve these 
discrepancies, von Seggern et al. suggested a new model based on recombination 
through a tunnelling process. 
2.3.2 Von Seggern's model 
Von Seggern et al. 62  assumed the same process as the Takahashi's model for 
generating the F-centres by irradiation, but F-centres are then assumed to be located next 
to trivalent europium atoms to establish photostimulable luminescence complexes 
(PSLCs). Fig. 2.12 shows the energy level scheme of the F-centre according to this 
model. When such an F-centre is excited by illumination in the F-centre absorption band, 
the ground state electron (is) is pumped into the first excited state (2p) from where it 
relaxes vibrationally into an energy level near the conduction band, called the relaxed 
excited state (RES). Then, it may either relax back to the F-centre ground state, or 
tunnel to a neighbouring Eu3+  ion to produce Eu2+.  Once it has been transferred to 
Eu3 , it relaxes to the 465d excited state of the Eu2 ion followed by a radiative 
recombination into the ground state of Eu2+ . 
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Fig. 2.12 Energy level scheme for storage and stimulation process in BaFBr:Eu 
according to von Seggern. 62 
The dynamics of the process can be described as 
1  




n. dii _L = — a In + 	 (2.9) 
dt 	0 F 
diiE 	n. n u ...._.E  
dt tUfl 	Eu 
Where flF  and flF* are the number of electrons in the F-centre ground state and the 
excited state, respectively, 11Eu * is the number of electrons in the excited state of E u2+, 
rp'* and r * are the lifetimes of the excited states of the F-centre and the Eu2+  ion, 
respectively, and zp is the tunnelling time, which corresponds to the inverse tunnelling 
probability. 
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where nF. is the number of F-centres when the stimulation starts, which is proportional 
to the X-ray dose. From the above calculation, this model also predicts the exponential 
decay of luminescence intensity during the photostimulation. By carefully choosing the 
parameters, a linear increase in the maximum photon emission rate with dose is obtained, 
which is in good agreement with experimental results. A PSL response time r= 0.8.ts is 
observed experimentally which is indistinguishable from the lifetime of the Eu 2 excited 
state. This indicated that and z* are shorter than the PSL response time of 0.8p.s. 
Iwabuchi 53 ci al also obtained the same value of lifetime, and proved that it is 
determined by the lifetime of the excited level of Eu 2 ion. So far, this model 
successfully explained the recombination process, particularly at low temperature. 
Later Hangleiter at al. 39  performed ESR measurements at liquid nitrogen 
temperatures on a calcium-containing BaFBr single crystal, and found that the divalent 
europium ions do not change to trivalent europium under X-ray irradiation. Their PSL-
thermal restoration cycle experiment shows that the PSL signal can be restored by 
warming up the sample to a temperature above 150K and cooling again. This process 
can be repeated several times. This indicated that there are some electrons and holes in 
the lattice which can be involved in PSL process, and others that are not stimulated so 
easily. According to these results, they proposed that, during X-ray irradiation, isolated 
F-centres and hole centres, aggregates of Eu2+  and F-centres and hole centres, and a low 
concentration of 'triple aggregates' between Eu2+  hole and F-centres are formed. 
Exciting in the F absorption band causes the immediate recombination of the electron-
hole pairs in the triple aggregates. The energy is transferred to the associated Eu2+  ions, 
giving blue emission centred at 390nm. 
2.3.3 Discrepancies between the Takahashi and the Von Seggern models 
Although most of the papers published in recent years tend to agree with the 
monomolecular model proposed by von Seggern and Hangleiter, there are still 
disagreements between the groups those who favour this model, and those who favour 
the original model proposed by Takahashi, based on their own experimental 
observations. 
Takahashi 60,  De Leeuw 91  and Sun 92, 93 claimed the observation of Eu3 
luminescence in BaFBr:Eu samples. De Leeuw 91  also observed the same increase and 
decrease of Eu 3 intensity by irradiation and bleaching. In contrast, Hangleiter 39  et al 
measured the ESR signals of the Eu 2 ion, and found that the ESR spectrum remained 
unchanged before and after irradiation, which indicates that no Eu 3 is formed within the 
experimental error. 
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De Leeuw 91  measured the decay of PSL with time under continuous irradiation 
by the stimulating light, and found that the relation is hyperbolic. Based on this, they 
claimed that the bimolecular kinetics of the Takahashi model is correct. Iwabuchi et al 53 
studied the temperature dependence of PSL and PSPC (photostimulated 
photoconductivity) down to liquid nitrogen temperature. They observed that PSL and 
PSPC intensities both decrease in the same manner with decreasing temperature. They 
proposed that, in the PSL process, electrons trapped in F-centres are first raised to the 
excited level of F-centres by visible light, and then thermally released to the conduction 
band, Then these electrons return to Eu3+  ions and the Eu2±  luminescence is stimulated. 
Another paper by this group 43  refuted the criticism of the Takahashi model 62  They 
carried out their own numerical analysis of the dependence of the PSL intensity on the 
excitation intensity by X-rays and UV light. In their calculation, they started with the 
same equations (eq. 2.8 to eq. 2.10) that von Seggern et al 62  used for the bimolecular 
PSL process. Instead of calculating the maximum photon emission, they calculated the 
integrated emission signal. They determined that, only after exposure to a high dose of 
X-rays, or long duration of stimulation light irradiation, is the PSL intensity proportional 
to the initial dose. Otherwise it shows a quadratic dependence. 
A similar result was found for another X-ray storage phosphor, KBr:In. The 
results of an optical study suggested that the X-ray energy storage is mainly due to the 
formation of F-centre-In 2+  centre pairs. Further investigations show that there are no In
2+ 
 
centres in the lattice after X-ray irradiation 17 . Thus, In2+  does not act as a hole centre in 
the PSL process, and there must be another unknown hole centre involved (oxygen 
centres are not detected in this sample). It is thought that, upon recombination of that 
hole centre with the photostimulated electron from the F-centre, the recombination 
energy is transferred to a nearby In+  centre, which is then excited and emits the 
characteristic In+  luminescence. This is indeed very similar to what von Seggern's model 
suggests for BaFBr:Eu. It also seems that in KBr:In such a "triple aggregate" is formed. 
In contrast to KBr:In and BaFBr:Eu, in another two phosphors - RbBr:Tl 
16  and RbI:Tl 
94,95 - the metal dopant ion is found to be the hole trap. During the PSL process, an F-
centre electron tunnels from its relaxed excited state to the excited state of the 112+ - 
followed by emission from T11 as it relaxes radiatively to its ground state. 
The ODEPR and NMR study 52, 58 of BaFBr:Eu samples showed the oxygen 
impurity can act as a hole trap in the lattice. The oxygen impurity site is on the F 
sublattice in BaFBr, with a compensating F(Br) centre located nearby. Above 120K, it 
can react with a I/K-centre to form O. In this model, the X-ray induced image is stored 
as O F  and F(Br) centres located within about 15 to 20 A of each other and of EU21 .  
These imaging species comprise a distribution of loose associations of the point defects 
0;, Eu2 , and F(Br). Excitation of this "triple defect" imaging centre with the HeNe 
laser causes a tunnelling recombination between the excited F(Br) centre and the O F  
centre, resulting in stimulation of the intrinsic 5d-4f emission of the Eu 2 ion. 
The dispute between the supporters of these two models is still continuing. 
Neither model can explain every experimental result. There are certain difficulties in 
comparing results from different research groups, since the conditions for making 
samples are slightly different between laboratories, even using the same method of 
synthesis. The amount and type of defects largely depend on the history of the sample, 
for instance, purity of starting materials, the milling procedure, the reaction temperature 
and atmosphere, and the rate of the cooling process. Further studies are required in order 
to understand well the PSL process in B'aFBr:Eu storage phosphor. 
2.3.4 The phenomenon of long time PSL decay and the Random Walk model 
It has been mentioned before that PSL signals take a long time to decay below 
detectable limits 39, 96, 28 This phenomenon can not be explained by either Takahashi's 
or von Seggern's model. Takahashi's bimolecular model involves an electron being 
excited to the conduction band, in which electrons can move freely and recombine very 
quickly with trapped holes. Meanwhile, according to the monomolecular recombination 
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model, electrons and holes stay in close proximity to Eu2+.  When the sample is excited 
by red light, electrons and holes should recombine by a tunnelling process, giving up the 
released energy to Eu2+  ions. In this case, PSL should cease as soon as all the PSLCs are 
used up. In our laboratory, we have measured the PSL signal up to 6 x 10 4 seconds at 
room temperature (Fig. 3.7 in Chapter 3). Moreover, at the time scale longer than 1 
second, the PSL decay does not obey the exponential law of the tunnelling model 
(equation 2.12) any more. This raises the question: what causes the PSL to take such a 
long time to decay? 
According to the experimental observations, Hangleiter et al. - proposed that 
the PSL decay contains two process: a fast decay component in the PSL decay curve 
corresponds to the immediate recombination of the Eu2+,  electron and hole triple 
aggregates; the observation of a slow component is explained as being due to the 
excitation of F-centres at intermediate distances. An electron trapped at a F-centre has a 
finite diffusion range. Thus, after all the PSLCs that were initially created on irradiation 
are depleted, PSL emission will depend on the diffusion rate of those F-centres. 
The diffusion of defects in crystals is due to thermal vibration of the lattice. In 
the majority of solids, the frequency of vibrations of atoms or ions in the lattice is of the 
order of 10' 3 s'. This thermal fluctuation gives the defects a possibility to overcome the 
energy barrier (called the energy of activation of diffusion), separating it from the next 
stable position in the crystal lattice. Since various kinds of defects can occur in the 
lattice, depending on the kind of crystal and external conditions, there are many 
mechanisms of lattice diffusion. Some of them involve the movement of atoms in 
crystals, but in practice, in most solids, the diffusion mechanism only takes place via the 
migration of vacancies or interstitial species 66 
For the X-ray storage phosphor BaFBr:Eu, a random walk model was proposed 
by Harrison and Templer to model the migration process of F-centres and hole centres 
30, 33• Since the concentration of electrons and holes in the lattice is low, and the host 
medium provides an effective dielectric shield beyond a few lattice spacings, the static 
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electrical interaction can be ignored, so that a defect can diffuse away through a random 
walk process. This model suggests that, after electrons and holes are generated by 
irradiation, some of them stay close and form PSLCs; others diffuse away randomly to 
be trapped somewhere else in the lattice. When photostimulation occurs, initial PSLCs 
are destroyed in a short period of time. However, those F-centres which were trapped at 
further sites still diffuse randomly in the crystal lattice until they are at a close distance to 
Eu2 ions and holes, and so form new PSLCs. The PSL signal then depends on the rate 
of forming those new PSLCs. More details about the random walk model in BaFBr:Eu 
will be discussed in Chapter five. This random walk model predicts a power law decay of 
PSL signals, which is lattt confitmed. by primental tsults A tmie tecupratiOn 
measurement provides further evidence to support this migration model 
97; 
 switch off the 
laser for a while during photostimulation, then switch it on again, and the PSL signal is 
found to increase as new PSLCs have formed during the time in the dark. 
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CHAPTER 3: SAMPLE PREPARATION AND EXPERIMENTAL 
SET UP 
In order to perform measurements on the storage and stimulation processes of 
the X-ray storage phosphor, BaFBr:Eu as well as its isomorphous relatives, samples of 
BaFX, BaFX:Eu, SrFX:Eu and LaOX were prepared, in all of which X = Cl, Br or I. 
Samples of BaFBr doped with the rare earth ions La, Ce, Sm, Gd, Th, Dy, Tm, and Yb 
were also prepared, as well as samples of BaFBr doped with 02-  and EuC12. A purpose-
designed low temperature photostimulation and detection system was built in our 
laboratory for luminescence measurements. In this Chapter, the method for synthesis of 
phosphor materials is introduced, and the low temperature photostimulation and 
detection system built in-house, as well as other optical systems we used for 
spectroscopy measurements, are described. 
3.1 Sample preparations 
Different methods can be used to synthesise BaFBr:Eu compounds. In university 
laboratories or research institutes, it is generally made by heating a BaC1 2 and BaBr2 
mixture with the oxide or halides of europium to around 1000°C. Using this method, 
different research groups still employ slightly different preparative conditions, using 
slightly different atmospheres, such as N 2, H2, or air, or different temperatures. In 
industry, this solid-state preparation technique is much less practical. A wet method is 
used, involving the preparation of a slurry containing BaF 2 and BaBr2, and spray-drying 
the mixture 98  This approach avoids the hazardous grinding and milling operations. A 
way of making BaFBr:Eu2+  thin films on a quartz glass substrate by an electron beam 
evaporation method has also been reported 99 . In this Chapter, we describe our method 
of preparing X-ray storage phosphor materials, using the small-scale solid-state 
technique, because this gives greater control over the level of oxygen- or hydrogen-
containing impurities in the product. 
3.1.1 BaFX (X = Cl, Br, 1) sample preparations 
The preparation of BaFX may be summarised by 
BaF2  + BaBr2 —> 2BaFX 
Anhydrous barium fluoride (BaF 2, Aldrich 99.99%) and the corresponding 
anhydrous barium halide (BaC1 2 Aldrich 99.99%, BaBr2 Cerac 99.99%, Ba12 (Aldrich 
99.999%) were ground together to a fine powder. The mixture was then put in graphite 
crucibles (Johnson & Matthey) and heated in a tube ftjrnace (Carbolite CTF 1200) to 
1080±2°C under a flowing dry nitrogen (BOC, 99%) atmosphere for one hour. The 
molten samples were left to cool down to 800°C at 1°C per minute, then to room 
temperature at 2.5°C per minute. Samples made in this fashion were found to be 
polycrystalline. Due to the relatively weak bonding between layers in BaFX structure, 
the transparent single crystal plates can be easily cleaved with a scalpel. Fig. 3.1 shows 
the apparatus for sample preparations. 
Due to the hygroscopic and light sensitive nature of barium iodide, the weighing 
and grinding of reagents for the BaFI sample was carried out in a glove box under a dry 
argon atmosphere. Special care was taken to minimize the exposure of Ba1 2 to light 
because of photodegradation. 
Fig. 3.2 shows the X-ray diffraction (XRD) pattern for BaFX samples taken on 
a Philips X'pert powder diffractometer in reflection (flat-plate) mode and CuK 
radiation; no impurity phases were observed down to the instrumental sensitivity of 2-
4%. The ratio of F:Br was analyzed by GSAS (General Structure Analysis System), and 









Fig. 3.1 Apparatus for preparation of phosphor samples. 
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Fig. 3.2 XRD patterns of BaFX samples. 
3.1.2 BaFX:Eu sample preparations 
Europium III oxide (Aldrich 99.9%) was used as the source of europium ions. A 
precise weight of Eu203 was mixed into the BaF 2 and BaX2 powder. Following the same 
procedure as for the BaFX samples, polycrystalline samples of BaFX doped with 
0.1 mol% Eu2+  were made. Special care was taken to minimize the exposure of the 
sample to light and air in the case of BaFI:Eu. 
Due to the low concentration of Eu 203 dopant, BaFX:Eu samples show the 
same XRD pattern.as the corresponding pure BaFX samples. 
An extra 0. lmol% BaFBr:Eu sample made using EuC1 2 (Aldrich, 99.99%) as the 
source of europium, rather than Eu 203, but otherwise prepared by the same method. 
3.1.3 BaIFBr:RE sample preparations 
BaFBr doped with 0.1mol% of the rare earth ions La, Ce, Sm, Gd, Th, Dy, Tm 
and Yb was prepared by adding 0. lmol% of the corresponding rare earth oxide into the 
BaF2 and BaBr2 mixture, and made by the same operation as for Eu-doped samples. The 
chemicals we used for the preparations are La 203 (99.99%, Aldrich), Ce02 (99.9%, 
Aldrich), Sm203 (specpure, Johnson & Matthey), Eu 203 (99.9%, Aldrich), Gd203 
(99.99%, Aldrich), Tb 407 (specpure, Johnson & Matthey), Dy 203 (99.99%, Aldrich), 
Tm203 (99.9%, Aldrich), and Yb 203 (99.99%, Aldrich). The polycrystalline BaFBr: Sm 
sample appears light, yellow in colour; all other samples appear white. 
Since the concentration of rare earth dopant ions is very low, BaFBr:RE samples 
show the same XRD pattern as pure BaFBr samples. 
3.1.4 SrFX:Eu sample preparations 
A series of SrFX:Eu (X = Cl, Br, I) samples were made using the same 
procedure as for the BaFX:Eu samples. The chemicals used for the preparation are: SrF 2 
(99.99%, Aldrich), SrC12 (99.995%, Aldrich), SrBr2 (99.95%, Aldrich) and Sr12 
(99.99+%, Aldrich). Fig. 3.3 shows the X-ray diffraction pattern for these three samples. 
Due to the low concentration of europium ions, the X-ray pattern of SrFX:Eu samples 
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are the same as the corresponding host compounds SrFX. 
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Fig. 3.3 XRD pattern of SrFX:Eu samples. 
3.1.5 Preparation of BaFBr samples doped with 02 
Samples of BaFBr deliberately doped with different levels of 02-  were prepared. 
0. lmol%, 0.5mol% and lmol% of barium oxide (99.5% Strem) was added to the 
mixture of BaF2 and BaBr2 as the impurity ion source, and made by the same method. It 
was difficult to weigh out accurate amounts of BaO for lower doping level of 2,  so 
appropriate amounts of the lmol% BaFBr:O sample mixed with BaF 2 and BaBr2 to 
produce 0.05%mol and 0.01%mol BaFBr:O samples. 
3.1.6 Preparation of BaFBr samples with different F:Br ratios 
BaF2 and BaBr2 were weighed accurately to produce the desired ratio of F:Br in 
BaF1Bri+. The following BaFBr samples with slightly different ratios of F:Br were 
prepared using the same method as for the BaFBr sample: BaF 0 . 8Br1•2, BaF09Br11 , 
BaFBr, BaF 11Br0 . 9 and BaF 12Br08 . 
3.1.7 LaOX sample preparations 
LaOX (X = Cl, Br, I) samples were prepared in collaboration with J. Sheldon 
100 . The preparations were completed in two steps, which are outlined by the reaction: 
12NH4X + La203 - 2(NH4)3LaX6 + 31420 + 6NH3 
(10 hours at 270°C in air) 
(NH4 3LaX6 +H20 —LaOX+ 3NH4X+2HX 
(20 hours at 270-400°C in water-saturated N 2) 
where X = Cl, Br, I. The chemicals used for the preparations were La 203 (Aldrich 
99.99%), N}14C1 (Aldrich 99.998%), NthBr (Aldrich 99.999%), NH4 (Aldrich 
99.999%). 
Lanthanum oxide was ground together with 15-20 times as many moles of the 
ammonium halides. The mixture was placed in a fused silica boat and baked in a muffle 
furnace for ten hours at 270°C, then transferred to a tube furnace and baked for 
approximately twenty hours at 400°C under an atmosphere of nitrogen gas saturated 
with water vapour to produce powder samples of LaOX. The LaOI sample had a slightly 
yellowish colour, while both LaOC1 and LaOBr samples are white powders. 
me 
Due to the hygroscopic and light-sensitive nature of ammonium iodide, the first 
half of the preparation procedure for LaOI was carried out under a nitrogen atmosphere, 
and care was taken to minimise the exposure of the reactants and products to light. 
3.2 Equipment for optical measurements 
In this section, we introduce the three optical systems with which all of the 
optical measurements in this thesis were conducted. 
3.2.1 FluoroMax spectrometer 
The room temperature photostimulated luminescence and thermal luminescence 
measurements were carried out on a conventional spectrofluorometer (FluoroMax, 
Spex). The optical system consisted of six components: the light source, excitation 
spectrometer, coupling optics, sample compartment, emission spectrometer, and the 
detector. Fig. 3.4 shows the layout of the instrument. A 150W ozone-free xenon lamp is 
used as the light source. The detector was a blue-sensitive PMT, running in photon-
counting mode. 
For our PSL measurements, an extra 650nm red filter (Schott, ±50nm) was set 
in front of the sample in order to remove the second-order diffraction, and reduce the 
background of the lamp. For room temperature spontaneous emission measurements, the 
xenon lamp was switched off. 
The FluoroMax spectrometer is very convenient for our room temperature 
emission spectra measurements, but for decay measurements taking particularly long 
times (up to 6 x 103  seconds), it has difficulty in controlling the sample temperature 
precisely over a long period of time, and we observed this to have a significant influence 
on the decay curves. The sample temperature is influenced by ambient room temperature 






Fig. 3.4 The layout of the FluoroMax spectrofluorometer.  
1. 150W ozone free lamp 12. Photodiode reference detector 
2. Collection mirror 13. Sample 
3. Entrance slit 
14. Window for sample compartment purging 
4. Collection mirror 15. Sample collection mirror 
5. Grating 16. Emission shutter 
6. Focusing mirror 
17. Entrance slit of emission spectrometer 
7. Excitation slit 18. Collection mirror 
8. Excitation shutter 19. Grating (1200gr/nim) 
9. Collection mirror 20. Focusing mirror 
10. Beam splitter 21. Exit slit 
11. Deflection mirror for reference detector 22. Emission detector 
3.2.2 Construction of a dedicated low temperature photostimulation and detection 
system 
In order to perform the low temperature measurements, and to achieve good 
temperature stability over a long period of time, a new photostimulation and detection 
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system was designed and built. Both the PSL and thermal stimulated luminescence decay 
measurements were carried out on this new system. Fig. 3.5 provides a-diagram of this 
dedicated system. 
Light-tight box 
Fl -- 633nm notch filter 
S -- Optical shutter 
P--Prism 
Li -- Dispersing lens 
L2 -- Focusing lens 
F2 -- Bandpass filter 
PMT -- Photomultiplier tube 
PC -- Personal computer 
Fig. 15 Schematic diagram of the purpose-built photostimulation and detection system. 
A 4mW output HeNe laser (Uniphase, model 1 124P) was used as an excitation 
source. The laser beam was cleaned of unwanted harmonics using a 633nm notch filter, 
then spread out using a dispersed lens (Ealing Electro-Optics, f = 100mm). A protected 
aluminium mirror (Elliot Scientific, 400nm - 10p.m. D = 12.5mm) and a 12.7mm right 
angle prism (EalingElectro-Optics) were used to reflect the laser beam onto the sample. 
Samples were mounted on a copper plate with high vacuum grease (Dow Coming), 
which improved the thermal contact with the sample rod in the cryostat. The laser spot 
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on the sample holder has a 10mm diameter, which fully covers the whole sample area 
(6mm diameter). 
Samples were loaded into a continuous-flow optical cryostat (Optistat, Oxford 
Instruments), which allows the temperature to be varied between 4 and 3 20K. Two 
optical windows (Spectrosil B Quartz, 90% transmission for wavelength from near 
infrared to UV) on the cryostat allow the sample to be excited by the laser beam and the 
emission from the sample to be detected. For long time-scale measurements, a minimum 
temperature of 20K was used, as it becomes difficult to keep the temperature stable for a 
long time below this temperature. 
The blue emission from the samples was collected by a focusing lens (Comar 
Instrument, f = 100mm) and detected by a photomultiplier tube (Thorn EMI, 9635QB) 
running in photon counting mode. The PMT signal was then passed through an 
Amplifier-discriminator (Thorn EMIT, AD1F1) and logged on a personal computer with 
the aid of a counter-timer board (Thorn EMIT, CT 1). A set of blue glass filter (Schott 
BC3, 400±50nm) is used in front of the photomultiplier tube (PMT) in order to reduce 
the background due to the HeNe laser. 
An optical shutter was designed and built in-house, and set in front of HeNe 
laser. It comprises a mechanical shutter connected to a solenoid held open with a 
restraining spring. When a current is run through the solenoid, the shutter is pulled open 
against the spring. A double-trigger control box, connected to and controlled from the 
PC, was designed with the help of the departmental electronic workshop, in order to 
synchronise the opening of the shutter and the start of photon-counting. 
This system was 'set in a steel-based metal box with a port cut into the top to 
provide access for adjusting optical components, and allowed the sample to be kept in 
the dark before the measurement started while room lights were left on. All metallic 
surfaces were painted matt black to minimise spurious reflections. The temperature 
controller and flow control instruments of the cryostat, together with the necessary 
vacuum pumping system, were located outside the box. A Stanford power supply 
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(PS3 10, 1.25KV) was used as the high voltage source for the PMT, and was set at 
1050KV for all the measurements. Fig. 3.6 shows an overview of the whole system (a) 
and the photostimulation system inside the light-tight box (b). 
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Fig. 3.6 Photograph of low temperature photostimulation and detection system. (a) 
overview of the whole system; (b) laser and optical components located inside the black 
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This new system allowed us to measure the PSL and TL over a wide range of 
temperature from 320K down to 4K. The high intensity laser beam make the excitation 
more efficient than the xenon lamp. The sample temperature is stabilised within ±0,1K 
throughout each measurement. The cryostat was cooled by a flow of liquid nitrogen or 
liquid helium, for the measurement above or below lOOK, respectively. Fig. 3.7 shows a 
stability test for the power of the HeNe laser after it was switched on, demonstrating that 
it stabilized after around 3000 seconds. Before each measurement, both the HeNe laser 
and PMT were switched on for at least 10 hours in order to guarantee the maximum 
stability of the PSL and TL signals. Fig. 3.8 shows the stability of the PMT tube up to 
6000 seconds. The dark current of the PMT tube is around 60 counts per second with a 
fluctuation of ±20 counts per second. Fig. 3.9 shows the stability of the whole system 
(laser and PMT). This new system has good stability over a long time scale, and allowed 
us to detect the PSL signal of BaFBr:Eu sample for at least 6 x 10 4 seconds at 300K, as 
shown in Fig.3.10. 
This new system is also designed with the potential to be used for the same type 
of emission measurements as we have done using the FluoroMax spectrometer with a 
selected wavelength for excitation or detection, but now at low temperatures. The 
modular design of the instrument would allow a monochromator to be introduced either 
between a broad-band excitation source (eg. xenon lamp) and the sample, or between the 
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Fig. 3.10 PSL decay of BaFBr:Eu sample at 300K. 
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3.2.3 System for measurements of stimulation spectra 
Measurements of stimulation spectra were conducted in the Department of 
Physics, in collaboration with Dr. D. Andrews, of the Department of Physics at 
Manchester University. Fig. 3.11 shows the layout of the system we used. 
I White light 	Beam deer 
source 













Fig. 3.11 Layout of the system for excitation spectra measurements. 
The excitation source in this system is a slide projector (ELMO), which 
produces white light. A 420nm edge filter (GG420) is used to cut the UV component 
from the light source. The light beam is then reflected by a mirror and then dispersed by 
a 0.25 metre monochromator (Hilger and Watts, D292). The output light from the 
monochromator is transferred by a liquid light guide (Oriel 77568) to the sample. The 
powder samples were mounted on an aluminium plate and covered by a microscope 





The detection system is a PMT (Thorn EMIL, 9235BQ) running in the photon-
Counting mode. A broad-band filter (Melles Griot 03-FIB-002) and a 400±10nin narrow 
band-pass filter (Ealing, 25.4mniD) is used in front of the PMT in order to reduce the 
background of the excitation light. A personal computer is used for data collection. The 
irradiation source used in this measurement is a Cu K a  X-ray source and samples were 
irradiated for 30 minutes before each measurement. 
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CHAPTER 4: PHOTOSTIMULATED LUMINESCENCE (PSL) AND 
SPONTANEOUS LUMINESCENCE (SL) SPECTRA 
In this Chapter, we describe our studies of storage and stimulation processes in 
BaFX, BaFX:Eu, BaFBr:RE, SrFX:Eu and LaOX (X = Cl, Br, I; RE = La, Ce, Sm, Gd, 
Th, Dy, Tm, and Yb) by room temperature PSL and SL spectral measurements. 
Different emission spectra were observed and related to changes in the host lattice or 
dopant rare earth ions, and the PSL mechanism of BaFBr:Eu was studied. 
4.1 Experimental Method 
The spectra of spontaneous luminescence and photostimulated luminescence 
were measured using the spectrofluorometer (FluoroMax, Spex) described in Section 
3.2.1. An extra 650nm (Schott, ±25nm) red filter was set in front of the sample in order 
to remove the second order diffraction and the background emission of the lamp. 
Samples were ground to a fine powder with an agate pestle and mortar and 
loaded on a 13mm diameter aluminium plate, and covered by sellotape. A calibrated 
905r 0 source of 1 5mCi activity was used to irradiate the samples. Samples were first 
irradiated with the 0 source for 30 minutes at room temperature, then transferred and 
loaded in the dark into the spectrometer. For PSL measurements, all samples were 
excited by 632.8nm red light selected from the xenon lamp and the luminescence was 
scanned from short to long wavelength over 300-550nm. The intensity of the excitation 
light is kept very weak in order to get undistorted emission profiles. If the stimulation 
intensity is too strong, the PSL signal will decay significantly with time, so the long-
wavelength side of the emission profile will be significantly weaker. After each 
measurement, the slit on the excitation side of the spectrometer was opened widely and 
the sample was bleached for 10 minutes, and then the background spectrum was 
ZI 
measured for each sample. For the spontaneous luminescence measurement, the 
excitation lamp was switched off at all times, and the slit before the detector was opened 
up in order to optimise the signal (this gave an instrumental resolution of lOnm). 
For all the spectra reported in this Chapter, background signals were subtracted 
using the software used for data manipulation and modelling (MicroCal, Origin 3.5) on a 
PC; the same package was used to fit spectra to Gaussian functions of variable width, 
centre and height to represent various spectral components in complex spectra. The 
spectrofluorometer was set up in a room which could be blacked out in order to reduce 
the background light. It was important to ensure that all PSL and SL measurements were 
conducted under consistent conditions of irradiation and temperature, as well as delay 
time between the end of the irradiation and the start of the measurement, and all 
measurements were started one minute after the irradiation was complete. 
4.2 PSL and SL measurements of BaFX samples 
Pure host materials BaFX (X = Cl, Br, I) was prepared as described in Chapter 
3. Powder samples were irradiated, and their PSL and SL spectra were measured at 
room temperature. Fig. 4.1 and Fig. 4.2 show the PSL and SL spectra respectively. We 
found that both of their PSL and SL spectra possess broad bands. As the halide ion gets 
larger, both the SL and PSL emission peaks shifted to lower energy. The PSL peak of 
BaFBr was much narrower than the others. BaFI had the strongest emission in both PSL 
and SL. 
It is worth to mention that, for the SL measurements, the slit in front of the 
PMT tube is opened wilder in order to detect the weak signals. In this case, we can not 
compare the intensities of PSL and SL signals directly, because of the different 
experimental conditions. But it is obviously that the PSL signals are much strdnger then 
SL emission in all three samples. 
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Fig. 4.2 SL emission spectra of BaFX samples. 
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Table 4.1 and Table 4.2 give the centre of the peaks and full width at half maximum 
(FWHM) of PSL and SL for BaFX samples. 
Samples 	Peak centre / nm 	FWHM / 	nm 
BaFCI 	 379±2 	 64±4 
BaFBr 	 389±2 	 25±4 
BaFI 	 441±2 	 79±4 
Table 4.1. Peak centre and FWHM of PSL emission of BaFX samples. 
Samples 	Peak centre / nm 	FWHM / nm 
BaFCI 	 408±2 	 113±4 
BaFBr 	 429±2 	 101±4 
BaFI 	 438±2 	 77±4 
Table 4.2 Peak centre and FWHM of SL emission of BaFX samples. 
The recombination energy in BaFX samples can be calculated using equation 
(2.1). If we consider that the electrons recombine with holes by a tunnelling process, 
then it can be modified to 
2 
E=Eg_(Ee+E)_f(R)+ e r  
e0 R (4.1) 
where Eeb and Ehb are the barrier height of the electron and hole traps. The principal 
terms in this equation will be Eg , Eeb and Ehb. Not all of these terms are known for all of 
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these materials, though the isolated cases that are known support simple, intuitive trends. 
Eg  will become smaller as the ion X in BaFX becomes larger, reducing both the ionic and 
the covalent contribution to the band gap 
101;  this trend is very clear in alkali halides 64 
The potential wells for both electrons and holes are also likely to be smaller for BaFX 
with larger X as the electrostatic terms fall off with distance. The dependence of the F-
band absorption energy ,4E on the lattice dimension has been studied extensively for 
alkali halides and is embodied in the Mollwo-Ivey rule 
65  as follows: 
16.75/a" 	 (4.2) 
where a is the nearest-neighbour cation-anion spacing measured in Angstroms, the 
energy zlE is expressed in eV, and n typically lies in the range 1 < n < 2 . Where 
measurements or calculations have been performed on BaFX compounds (for X = Br 
and Cl) 80, 81 the energy scale for the traps is found to decrease as X becomes heavier. 
Thus, in general, the energy scale of the entire system decreases as the halide X in BaFX 
increases in mass. Furthermore, for the same dose, or total energy, of ionising radiation, 
a greater number of electrons and holes will be produced as the energy scale of the 
system decreases. This is compounded by the greater efficiency of the heavy I ion at 
absorbing X-ray photons compared with Br and Cl - . Thus, if the trapping efficiency at 
a given temperature is similar for these various materials, the stored signal will be 
greatest for the iodide, as will the PSL efficiency if the stimulation process is also 
constant with X. 
Comparing Fig. 4.1 and Fig. 4.2, PSL emission bands peaked at different 
wavelengths to the SL bands, and all have a higher emission energy than the SL in the 
pure host BaFX. We suggest that the SL and PSL actually involve either different energy 
levels of the same defect or slightly different forms of that defect, and that it is the first 
of these that is the most likely as recombination will involve a higher energy level of the 
F-centre in the PSL process. We notice that the PSL and SL emission of BaFI are almost 
at the same wavelength within the experimental error. This is possibly caused by the 
decay nature of SL signal, which shifts the SL peak to the shorter wavelength For PSL 
emission measurement, the red excitation intensity is very low so that there is no 
noticeable intensity changes in the emission spectra within two following scans. 
Trends in the widths of the emission bands are less easy to rationalise. In general, 
the width is related to the overlap between waveflinctions of the various vibrational 
states of the ground and excited electronic states of the luminescent defect, similar to the 
transition illustrated in Fig. 2.7, and quantified in Eq. 2.2. It may also depend on the 
separation of the electron trap and the hole trap involved in the recombination, and will 
therefore reflect the range of separations of these species, and perhaps even 
perturbations of these species by each other. Without detailed information about the 
relevant defects and their distributions, it is impossible to provide any detailed analysis. 
The narrowness of the PSL emission from BaFBr is particularly striking (and was 
reproducible) and suggests a single dominant process that is not observed in the SL of 
this material. The fact that it occurs at a higher energy than the SL process suggests that 
the extra energy available to the tunnelling species in the PSL process provides access to 
an excited state of some species that is not accessible in the SL process. It is likely that 
the vibrational levels of the excited electronic state of Eu 2  that are preferentially 
populated after stimulation in the PSL transition have a better overlap with the ground 
vibrational state of the ground electronic state of Eu 2  compared with the population 
after the SL process. In the light of the relatively narrow spectral features observed for 
Eu-doped BaFX, we checked this sample by ESR spectroscopy to ensure that it had no 
Eu present and found no trace (The detection limit of ESR for Eu 2  is 1 atom in i' ° to 
101). The trend in band width for SL emission follows the general down-scaling in 
energy as X becomes heavier in BaFX. 
65 
4.3 PSL and SL measurements of BaFX:Eu samples 
A set of BaFX:Eu (X = Cl, Br, I) samples was prepared according to the 
method described in Section 3.1.2, and their PSL and SL spectra were measured. 
Fig. 4.3 shows the PSL spectra of BaFX:Eu samples and Table 4.3 gives the 
peak centre and width of the principal band of BaFX:Eu. In Fig. 4.3, it is seen that 
BaFX:Eu shows the same trend as the pure host material BaFX: as the halogen group is 
descended, the PSL emission shifts to lower energy, and the PSL intensity gets stronger. 
However, compared with undoped BaFX, Eu-doped samples give stronger and sharper 
emission peaks, and they were all distributed between 380 to 400nm. This has previously 
been attributed to the 4165d - 47 transition of EU21 ions in these doped samples, which 
has an efficient overlap with the electron-hole recombination energy of the pure host. As 
X becomes lighter the ligand field contribution to the 465d - 47  transition energy will 
increase, raising the energy of the antibonding 5d orbitals. 102 
	
Samples 	Peak centre / nm 	FWHM / nm 
BaFC1:Eu 	382 ±2 	 40±4 
BaFBr:Eu 	389±2 	 32±4 
BaFI:Eu 	403 ±2 	 3 0 ± 4 
Table 4.3 Peak centre and FWHM of PSL emission of BaFX:Eu samples. 
Samples 	Peak centre / rim 	FWHM / tim 
BaFC1:Eu 	382±2 	 40±4 
BaFBr:Eu 	389±2 	 35±4 
BaFI:Eu 	400±2 	 35±4 
Table 4.4 Peak centre and FWHM of SL emission of BaFBr:Eu samples. 
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Fig, 4.3 PSL emission spectra of BaFX:Eu samples. 
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Fig. 4.4 SL emission spectra of BaFX:Eu samples. 
Fig. 4.4 shows the SL spectra of BaFX:Eu samples and Table 4.4 shows the 
corresponding peak centre and peak width. The SL shows simiiar energies to the PSL 
emissions but the intensities are much lower. This result is in contrast to the undoped 
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BaFX host materials, where the SL of pure host samples show different emission 
energies to the PSL emissions. Thus, for europium-doped BaFX samples, we can only 
see Eu2 
 emission in both PSL and SL. If we compare the spectra of BaFX:Eu with the 
respective host material BaFX, when Eu2  ions are doped into the host materials, Eu2 
emission dominates both the PSL and the SL signal. This observation is consistent with 
what Hangleiter et a! 52 suggested, that Eu2  plays an important role during the electron 
and hole recombination process. The energy released by electron-hole recombination is 
very close to the 4054f transition of Eu 2 , and the energy is either transferred directly 
and efficiently to proximate Eu 2  ions, with subsequent re-emission characteristic of 
Eu2 , or Eu2  is actually involved in the PSLCs. 
4.4 PSL and SL measurements of BaFBr:RE samples 
A series of BaFBr samples doped with 0. lmol% of different rare earth ions La, 
Ce, Sm, Eu, Gd, Tb, Dy, Tm and Yb were prepared by the method described in Section 
3.1.3. Fig. 4.5 gives the SL spectra of samples of the BaFBr:RE series. Except for 
BaFBr:Eu, all the BaFBr:RE samples have an emission energy similar to the host BaFBr, 
but the emission peaks are at slightly different wavelengths. For the small levels of 
dopant involved it is unlikely that there is appreciable distortion of the lattice except 
close to the impurity ions. RE will have a smaller radius than Ba 21 103 
so any FA centre 
comprising a F-centre and RE 21 will have a shallower potential than the unperturbed F-
centre. A similar effect is observed for FA(EU 2 , Br) centres in BaFBr:Eu 42 in the IR 
spectra. BaFBr:Tb has an additional weak feature between 550nm and 600nm while 
BaFBrYlj has an asymmetrical peak shape, which can be simulated by two peaks. 
centred at 384nm and 449nm. 
Fig. 4.6 shows the PSL emission spectra of BaFBr:RE. Except for samples 
doped with Ce and Yb, all spectra show an emission band centred around 390nm±1Onn 
The Ce-doped sample has a peak centred at 425nm, while the Yb-doped sample has two 
peaks at 382 and 480nm. The weak peak at 382nm possibly arises from the same 
emission process as the other samples. These exceptions, together with the Eu-doped 
sample, also have narrower peak widths. 
BaFBr:RE Peak centre / nm FWHM / nm 
La 417±2 117±4 
Ce 425±2 85±4 
Sm 431±2 109±4 
Eu 389±2 35±4 
Gd 422±2 106±4 
Th 427±2 140±4 
Dy 425±2 105±4 
Tm 429±2 105±4 
Yb 384±2 58±4 
Table 4.5. Peak centre and FWHM of SL emission of BaFBr:RE samples 
- 	BaFBr:RE Peak centre / nm FWH1v1 / nm 
La 381±2 74±4 
Ce 425±2 66±4 
Sm 388±2 31±4 
Eu 389±2 28±4 
Gd 388±2 29±4 
Th 385±2 25±4 
Dy 394±2 32±4 
Tm 391±2 28±4 
Yb 382±2 21±4 
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Fig. 4.6 PSL emission spectra of BaFBr:RE samples 
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The small peaks around 480nm of BaFBr:Th and BaFBr:Dy are probably caused 
by the background of the xenon lamp or some other instrumental artefact because we 
sometimes observed weak features in the background when the instrument is run with an 
inert scattering material such as BaF 2 in place of the storage phosphors. Table 4.5 and 
Table 4.6 give the peak centre and width of SL and PSL spectra, respectively. 
Comparing Fig. 4.5 and Fig. 4.6 we find that, except for BaFBr:Eu, other rare-
earth doped samples have PSL emission energies higher than those for SL. Eu-doped 
BaFBr was the only sample whose luminescence is at the same wavelength (389 ± 2nm) 
in both PSL and SL. Its PSL emission was at least one order of magnitude stronger than 
the other samples, and its peak width is much narrower. The dominant photostimulable 
electron trap in BaFBr is F(Br), while the dominant hole trap is OF.  So, as a 
consequence of the layered nature of BaFBr, holes and electrons are segregated in the F 
layers and X layers respectively. The europium ion is sandwiched between the halide 
layers in the place of Ba2 . We notice that Eu2  has a 054 transition at 390nm which 
is very close to the pure host BaFBr emission centred at 389nm. We assume that Eu 2 
helps the energy transfer between electrons and holes, to make BaFBr:Eu the most 
efficient phosphor material. 
Europium ion has +2 charges (while most of other lanthanide element shows +3 
or +4 oxidattion state) in BaFBr lattice is probably the reason for its narrow emission 
peaks. The characteristic oxidation state of the lanthanide elements is +3. However, 
there are exceptions, notably in the case of oxidation states that produce an empty (0), 
half-filled (4fq) and thu (4f 14) 4f sub-shell. There are three factors that contribute to this 
effect: as the rare-earth series is traversed in the direction of increasing atomic number, 
the binding energy of the orbitals increases; as the occupancy of the orbitals by electrons 
increases, the Coulombic term of the electron-electron interaction increases, particularly 
when the second electron is placed in each mL level (for example from 41C to 4f); as the 
occupancy of the orbitals by electrons increases, the exchange term of the eIectron 
electron interaction increases 101, 104 Put together, these three factors give the general 
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trend of increasing ionisation potential across the series, with discontinuities that favour 
the 4q configuration, a particularly low ionisation potential for Ce 3 -> Ce4 and a 
particularly high ionisation potential for Yb2 _> yb 3 the lanthanides Sm and Tm, which 
precede Eu and Yb respectively, also show a tendency to form divalent ions under 
reducing conditions, while Pr and Th, which follow Ce and Gd respectively, have a 
tendency to form tetravalent ions under oxidising conditions. 
The precise position of the various energy levels for the different oxidation states 
of different RE ions in the band diagram of BaFX - or indeed of any host lattice-
requires careful calculations that need to be tested by experiment. The centre and width 
of bands derived from the 5d orbitals are particularly sensitive to the host lattice, in 
contrast to the insensitivity of bands derived from the 4f orbitals which resemble those of 
the gaseous ions. 
Thus, it is likely that irradiated samples of BaFX containing Sm and Yb possess 
these ions in a divalent form - indeed, such ions may even be produced in aqueous 
solution. Optical spectra of divalent rare earth ions have been observed in absorption in a 
CaF2 host 102 105 and in emission in the case of Eu, Sm, Dy and Tm 
106  The absorption 
spectrum of Yb2  doped 'into CaF2 is relatively simple, with a broad band centred near 
28000cm-i and then additional features to higher energy105, while Sm 2 in the same host 
has a more complex spectrum with bands spanning the range 16000-30000cm 1 and 
above. In both cases the transitions are attributed to a f - d process and are therefore 
strongly influenced by the ligand field that acts on the 5d electrons. The lowest-energy 
part of the absorption spectrum of Tm 2  in CaF2 is a sharp f-f transition in the infra-red 
part of the 'spectrum ( 9500 cm') while a broader f - d transition may be observed at 
higher energy (with an onset of 15000cm4). Thus, it is conceivable that the band 
observed around 480 nm in the Yb-doped sample is due to the 4f435d - 4f 14 transition in 
the rare-earth ion and that the energy released on electron-hole recombination is 
transferred efficiently to the rare-earth ion with subsequent radiative relaxation. The 
difference between the PSL and SL spectra for this material probably arise from different 
73 
populations of vibrational states of the electronically excited state after charge 
transfer' °7 
The failure to observe any, additional spectral features in the Sm-doped sample 
suggests either that Sm is not present as the divalent ion in any significant concentration 
or that the excitation. oremission of Sm 2  is outwith..the energy.range of excitation or 
detection, the first of these options seems most likely. 
For the BaFBr:Ce samples,, we assign the PSL. peak at 425nm to the 5d-4f 
transition of Ce3  ions. PSL emission from a BaFC1:Ce sample has been reported by Lin 
and Su 10  after. X-irradiation.and.o.ptical. stiniulation. They. proposed. thaLCe traps..a 
hole to prodt.ice Ce4 , and:this is then. reduced: by an electron, as it is . stimulated-to tunnel 
from an F centre; the-energy released' inTthisproeess isthènbéliéved to produce Ce 3  in 
an excited state which then relaxes radiatively to the electronic ground state to produce a 
broad luminescence band centred at approximately 420mm Compared with,. the 
BaFBr:]u sample, PSL emission from BaFBr:Ce and BaFBr:Yb samples is much 
weaker,. so these materials are less well suited for. applications as X-ray storage 
phosph9rs. One possible reason for this difference could be the closeness of the energy 
match in the case of. material doped with Eu;. combined with. the efficiency of the 
radiative relaxation for a f-d transition. 
BaFBr doped with.other rare earth ions gives a similar emission.to pure BaFBr. 
We coiclude that the spectra of those rare earth doped samples arise from the same 
transitions as the undoped BaFBr lattice,, and there are no efficient transitions between 
electronic states of the rare earth ions to channel energies released in the electron-hole 
recombination. We also conclude that the disruption of host lattice caused by the rare 
earth dopmts is insignificant, compared to the resolution of our experiments. - 
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4.5 PSL and SL measurements of BaF1+Br1 1 samples 
A series of samples with different ratios of fluorine and bromine (F:Br = 8:12, 
9:11, 1: 1, 11:9, 12:8) were prepared by the method described in Section 3.1.6. Fig. 4.7 
and Fig. 4.8 show the PSL and SL spectra of these BaF1+Br 1.. samples. 
From Fig. 4.7 and Fig. 4.8 we see the principal emission band of both the PSL 
and the SL of BaF1±Br 1  samples shifts to longer wavelength as x increases, and the 
ratio of fluorine ions to bromine ions decreases. We believe that in the bromide-rich 
samples some fluoride sites can be substituted by bromide ions. This will result in the 
unit cell being slightly expanded and with it a reduction in the binding energy of F 
centres (or even hole centres) with a consequent reduction in the energy of the 
luminescence. It has been suggested that a excess ofF ions of the order of 10% produces 
a special type of stimulable defect, in which the presence of an F ion near a F(Bf) centre 
lowers the trap energy and shifts the stimulation wavelength to larger values. 109,110 ; a 
similar red-shift in the stimulation spectrum has also been observed in sample of BaFBr 
doped with small amounts of S1 2 or Ca, which produce FA(Sr 2 ) or FA(Ca2 ) centres on 
the Br- sublattice 
We notice in Fig. 4.7, both the F:Br = 11:9 and 9:11 samples give a stronger 
emission intensity than a stoichiometric BaFBr sample. However, it is difficult to draw 
firm conclusions from such data because of the poor reproducibility of the emission 
intensity. Variations in the maimer in which the sample is bound to the sample holder, as 
well as variations in the optical pathway for both stimulation and detection will influence 
the luminescence intensity and we found that the reproducibility of the intensity for the 
same sample measured under conditions that were set to be the same is no better than 
50%. The change in PSL intensity with a modest degrees of doping( 10%) falls within 
this limit, while the more distinct change in SL efficiency with an increase in the F:Br 
ratio suggests that traps become deeper on increasing the fluorine content. 
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Fig. 4.7 PSL emission spectra of BaFBr samples with different ratios of F/Br. 
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Fig. 4.8 SL emission spectra of BaFBr samples with different ratios ofF/Br. 
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Since it is generally believed that only F(Br) centres, but not F(F) centres, take 
part in the PSL process, we might have anticipated that the BaFi 1BrO . 9 sample would 
have the strongest PSL intensity. When the balance of fluorine and bromine is disturbed 
too much, gross amounts of vacancies may be produced, and this may lead to a 
distortion of the structure of the host lattice . Our XRD measurements, which should 
reveal impurity phases down to 2 - 5%, showed no additional diffiaction lines, 
suggesting that the imbalance ofF and Br neither distorts the structure to produce a new 
space group, nor leads to the the precipitation of impurity phases. Modest degrees of 
non-stoichiometry could possibly lead to significant clustering of lattice defects which 
may offer very deep traps that can not be stimulated efficiently with modest amounts of 
heat, or long-wavelength optical radiation. What is clear is that higher doping levels lead 
to a significant reduction in PSL efficiency under the conditions that we used for signal 
storage and stimulation. 
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4.6 PSL and SL measurements of SrFX:Eu samples 
A set of SrFX:Eu samples were prepared by the method described in Section 
- 3.1.4. Fig. 4.9 and Fig. 4.10 show their PSL and SL spectra under 632.8nm excitation at 
room temperature. Table 4.8 and Table 4.9 show the position and width of the strongest 
feature in the spectra. 
	
Sample 	Peak centre / rim 	FWHM / rim 
SrFC1:Eu 	384±2 	 40±4 
SrFBr:Eu 	385±2 	 29±4 
SrFI:Eu 	408 ±2 	 23 ±4 
Table 4.7 Peak centre and FWHM of PSL emission of SrFX:Eu samples. 
Sample 	Peak centre / nni 	FWHM / nm 
SrFC1:Eu 	381±2 	 4314 
SrFBr:Eu 	382±2 	 33±4 
SrFI:Eu 	406±2 	 29± 4 
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Fig. 4.10 SL emission spectra of SrFX:Eu samples. 
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In a similar manner to BaFX:Eu, the principal feature of both the PSL and the 
SL spectra of SrFX:Eu samples shift to low energy with increasing halogen size. For 
each sample, the PSL has a very similar emission energy to that of the SL, which will be 
due to the emission of Eu 2  ion. If the values in Tables 4.3, 4.4, 4.7 and 4.8 are 
compared it is also clear that the emission centre is very similar for the two host 
materials with corresponding values of halide X. However, in contrast to the barium 
compounds, SrFCI:Eu has the strongest intensity compared with SrFBr:Eu and SrFI:Eu. 
In order to understand if this trend in SL intensity is a consequence of the match between 
the HeNe laser wavelength nd th excitation spectrum stimulation spetrQscpy 
measurements were conducted for SrFX:Eu samples in the Department of Physics, 
Manchester University, with the system described in Section 3.3.3. Fig. 4.11 gives the 
stimulation spectra for these three samples. Blue emission bands centred at 4001Onm 
were detected for all three spectra. 
We found (Fig. 4.11) that the stimulation spectra shift from 450nm for SrFCI:Eu 
to 580nm for SrFI:Eu. Therefore, among the SrFX:Eu series, the HeNe laser excitation 
at 632.8nni is closest to the maximum for the excitation spectrum of SrFI:Eu so it is 
clear that the excitation wavelength is not the reason why SrFC1:Eu gives the strongest 
emission. There are essentially two general reasons for the trend - either the chloride is 
the most efficient material at storing charge, or it is the most stimulable. Certainly, the 
traps in the chloride will be deeper than those for the iodide so for every electron-hole 
pair created, it will store more charged defect centres in the lattice 80, 112, 113 
To resolve 
this issue, we need a method of quantifying the number of charged defects in each 
material for a given radiation dose, and then following the defect population as a 
function of time as it is stimulated. We will encounter such a method in Chapter 6. 
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Fig. 4.11 Stimulation spectra of SrFX:Eu samples. 
4.7 PSL and SL measurements of commercial Fuji film 
A piece of commercial Fuji film (6mm diameter) was used for the PSL and SL 
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Fig. 4.12 (a) PSL and (b) SL emission spectra of Fuji film. 
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Fig. 4.12 shows that both PSL and the SL spectra from Fuji film are at in the 
same, wavelength of 388nm, which is the same as BaFBr:Eu within experimental error. 
The intensities of PSL and the SL are also in the same order as BaFBr:Eu. This suggests 
that the major component of commercial Fuji film is BaFBr:Eu, although we will 
produce evidence later that suggest that it is more complex than this. 
4.8 PSL and SL measurements of LaOX samples 
PSL and SL measurements, similar to those described above for BaFX, were 
carried out on LaOX (X = Cl, Br, I) samples. No PSL and SL signals were detected 
within the same spectral region as the other samples under 632.8nm stimulation. 
LaOX has the same crystal structure as BaFX for X Cl, Br and I. PSL 
emission has been detected in LaOX samples doped with rare earth ions, such as 
LaOBr:Tm . The reason why we did not observe PSL in pure host samples is eIther that 
it is too weak for our system for it to be detected, or not within the spectral range of our 
inst1unieflt. We return to the behaviour of LaOX in Section 6.5. 
4.9 Conclusions 
For all BaFX, BaFX:Eu and SrFX:Eu samples, we found that both the PSL and 
the SL spectra shift to lower energy as the size of the halogen ion increases. In the 
samples of pure host material BaFX, PSL has higher emission energies than the SL. 
However in BaFX:Eu and SrFX:Eu, only the characteristic divalent europium emission is 
detected .vitfflñ ekpefijfidntal eitof fo? both PSL and SL peëtf&. Eu2 doing also iü1t 
in increasing PSL intensity and narrowing emission peaks. This is consistent with the 
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PlU5iOns dtawn ft-Orn Measurements by ôthet wotkets on BaFBrEu that Eu 2 plays an  
important role during the electron and hole recombination, channeling the energy 
released in this process in a radiative process in the blue part of the visible spectrum. 
BaFBr samples doped with tñost other rare earths behaved in a sirtilar fashion to 
undoped BaFBr, with a relatively poor PSL signal in the form of a band centred close to 
385 mn. Exceptions are provided by samples of BaFBr:Ce and BaFBr:Yb which give 
c 3 and y1O2+  emission respectively, though theit lumi seii jut sities ae much 
weaker than BaFBr:Eu, and they are much poorer materials as X-ray storage phosphors. 
PSL and SL spectra taken for commercial storage phosphor film manufactured by The 
Fuji Film Company, suggests that its performance is similar to that of BaFBr:Eu. 
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CHAPTER 5: PSL AND SL DECAY MEASUREMENTS 
The time dependence of the decay of luminescence induced by optical excitation 
has been Studied fOi )ieai5 114 as a useful ttthniiue for inStigating the coifesponding 
energy transition processes. For the X-ray storage phosphor BaFBr:Eu, there have been 
,eal papers 62,115,39 poiting the time response to optical excitation for tmie-scales 
less than 1 second. Experimental studies have been used to test models of the 
photostimulation process. However, not much attention has been paid to the 
phenomenon of the long-time PSL behaviour, although it has been noted by several 
gioups 68,69  that a PSL signal ean be detected after a long period of eontinuous 
stimulation (10 - 104 s) it is believed that an important factor in the PSL process at 
ambient temperature is migration of defects, replenishing the population of PSLCs, and 
this influences rfiedidin and long-tine decay 33,30  In this Chaptef, we deseribe the rtSultS 
of experiments to probe the mechanism of PSL and SL decay over a time scale ranging 
from 1 to 5 x10
3 seoonds A random-walk model is used to rationalise the long-time 
decay phenomena in the storage phosphor BaFBr:Eu. 
5.1 Background and theory 
The classical law of decay of luminescence I with time t in a monomolecular 
recombination is the exponential time dependence 
Icc exp(—t / r) 
	
(5.1) 
where v is the time constant. By plotting the intensity semi4ogarithmically against time, 
one should expect a straight line for a simple exponential process with a single time 
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constant. If the luminescence arises from radiative recombination of two free species, a 
second classical decay z the bimolecular law - is observed, in which case the time 
dependence of the light intensity would be 




 is a characteristic time constant. A straight line with a gradient of 2 will be 
obtained when log I is plotted against log I 
In practice, instead of obeying either of the decay laws mentioned above, many 
diffent tiial shOw luj ineenee decay aeeOfdiflg to the empirical power law 
113 
a 	 (5,3) 
The exponent a is a constant in the range between 0.5 and 2, which is quite distinct from 
that of either of the above classical laws. The mechanism of this power law decay 
behaviour is still not well understood. 
The time dependence of luminescence in BaFBr:Eu on a short time scale has 
been investigated by various groupS 
68,114 The short time response (10 s) of PSL has 
been studied in order to find out how quickly the PSL signal appears after the laser has 
been turned on, and how quiekly it decays after being turned off. Von Seggern el al 
62 
showed that the rise and the fall of the signals are exponential with a time constant 
r = Qs for BaFBT -;E-u5 which is indistinguishable from the lifetime of the Eu2 excited 
state populated by the stimulation process. This indicated that the tunnelling time and 
lifetime of the excited states of the F centre are equal to, or shorter, than the P SL 
response time of 0.8s. 
Von Seggern et al predicted that the temporal response of the PSL decay would 
be exponential (see equation 2.12), and proved it eperinenta11y 
62 With a pulse lasef 
eeitation epefithent. RadhabOv 115 reported that for a thillisteond time seale two 
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decay components of luminescence could be observed for the temperature range 17- 
3 00K. It was found that both components obey the exponential decay law of 
monomolecular recombination. The absorption decay curves of the F centres also show 
two gtag an initial rapid pr6eegs followed by a sond, sl6wet decay 116  Hangleiter 
noticed that the time dependence of the PSL had fast and slow components at all 
tatiite btween 10K and 300K, undef eontinti6iis photostimulation 31.Zhao 
measured the emission intensity decay of TL and PSL at various temperatures and found 
that it Obeyed a 11  law, whieh they claithed was in agieethent with the ononolulaf 
ontbination nhaiisth via tunnlling 68 
Von Seggern's model, predicting an exponential decay of PSL signal, is only 
good at explaining the short-time decay of the PSL signal, since it is based on the 
assumption that a fixed amount of PSLCs are produced after irradiation, and no more 
PSLC are formed during the PSL process. This predicts that the PSL signal will cease as 
soon as the PSLCs have been used up. However, experimental results show that the PSL 
signal takes a very long tinie to be exhausted 2930,33,39  even at elevated tentpeatiwe, and 
the decay curves no longer follow an exponential law after the initial rapid decay. 
Hangleitet 39  popoed that the tat deeay eoniponent in the PSL curve eonepond to 
prompt feeonibination of the Eu2 -elee&on-h6le paii in the triple aggtegate. The 
observation of a slow component is explained as being due to the excitation of F centres 
----------------------------- ---------------- 2+ at intermediate distances. Such defects are not close enough to Eu -hole pairs to be 
considered as part of a triple aggregate, so they should be considered as isolated defects. 
The excited F centre electron has a finite diffusion range. For long time scales, the 
PSLC complexes will be depleted. PSL emission will then depend on the diffusion rate of 
these F centres. 
Harion and Taftipler 29,30,33  popoed a new niodel to explain the diffusion of 
defect centres in BaFBr:Eu, which involves a random walk model to describe the 
formation of new PSLCs. This model suggests that, after initial PSLCs are exhausted, 
electrons which were trapped at other vacancies in the lattice will move randomly until 
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they find themselves in close proximity to a hole centre. In this case, the rate of the 
stimulated luminescence is limited by the rate of formation of new recombination centres. 
It is possible that PSLCs are replenished by migration of other charged species. The 
dyiia- mimes ofuh pfocesses depnd On a Wide va?ietJ Of fetO 
The random walk model predicts a a  decay of the PSL signal with time, as will 
be discussed later in this Chapter. This power law decay has been observed in a 
BaFBEu sathple above f66fii temperature Howevef, it does not fl eaiily ptove 
that defect migration is involved in the decay kinetics. More evidence came from the 
obseivation that the 9tiffulated signal feWperated with tune The Saffiple is illuminated 
by the laser to a time t, and then switched off. The PSLC formation process continues in 
the dark, so that when the laser is switched on again at a time t2  The PSL intensity 
increases compared with that at t. The degree to which recuperation occurred as a 
function of the time and temperature was shown to be consistent with the rate of defect 
migration in the host lattice. 
In this Chapter, we describe PSL and SL decay measurements that were carried 
out over a long time scale on a wide range of samples to see whether the random walk 
model, or indeed any of the models for the PSL process, was successful for a number of 
quite different materials. Further, by studying the system over a much wider range of 
temperature one might expect to observe the freezing of some of the migration 
processes, or the formation of more exotic defect species at lower temperatures. 
5.2 Random Walk Model 
As we described above, the random walk model is based on the fact that the 
tapped charge defects in BaFBf ae nobile, rathef than gtatle 30,117,118 During 
irradiation, electron and hole centres are created. Some of them diffuse away from each 
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other to be trapped somewhere in the lattice. The PSLCs can be formed when trapped 
electrons and holes migrate together to form a loose cluster around Eu 2 ions. 
The migration process in a crystal lattice involves random movement of F 
centres and hole centres, hopping randomly to their neighbouring empty sites under 
thermal stimulation. Since there is an energy barrier to overcome for each hop, the 
migration processes are usually slow in a crystal even at room temperature. Thus we can 
assume that the time for trapping process is much shorter in comparison with the 
characteristic time scale associated with the diffusion mechanism of motion of these 
species. So the diffusion process becomes the most important factor in determining the 
kinetics of the emission process at medium and long times. 
Consider a system containing two different particles, A and B, which may 
combine and annihilate each other, or form a third inert species. This two-species 
annihilation process may be represented by 
A + B -3 inert species 
For simplicity, it is assumed that one sort of carrier, the B particles, reach the 
recombination sites very quickly. The recombination is then mainly determined by the 
motion of the A particles. 
Since electrons and holes diffuse away randomly after irradiation, the initial 
distribution of sites involved in carrier transport in the PSL process is random. We 
assume that the particles will recombine at the first encounter of a recombination centre, 
ãfld the mOtiöñ of pattields ig defibed by a fandon walk 
I 19 In the mean-field 
approximation the kinetics are described by the rate equations 
dCA(t) =kCA(i)CB(i) 	 (5.4) 
dt 
where CA(t) and CB(t) are respectively the concentrations of A and B particles at time t. k 
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is the rate constant, which here is the rate of electron and hole recombination rate. The 
general solution of this equation is 
CA  (1) = L[1 	e(Aki)] 1 	 (5.5) 
where C4(0) and C,3(0) are the initial concentration of A and B particles. A is the 
difference between the initial concentrations of A and B, which in fact remains 
unchanged all the time (conservation law) 
A CA(t)—CB(t) = constant 
In the special case of equal initial concentration, C4(0) CB(0),  the exponential decay 
above is replaced by an algebraic decay: 
GA  (t) = 
Ekt +A(0) 	
(5.6) 
In fact, as time progresses it will become relatively unlikely for a particle A to be near a 
pthtiele B because Of the lOal flütUãtiOns in the densitieg of thëe tWO patieles 120  Fig. 
5.1 shows a distribution of electrons and holes after 1000 single hops on a 2 dimensional 
500 x 500 squdf6 lattië 120•  The initial e6fidition Wag a unifOrm ditHbütiOO With 
concentration of 0.05. The kinetics of recombination will then deviate from the classical 
result for bimolecular recombination in a well stirred mixture (the mean-field result). We 
need to consider the non-classical behaviour of the diffusion-controlled two-species 
annihilation process, and spatial fluctuations in the concentration of the reactants must be 
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Fig. 5.1 Local fluctuations in the densities of electrons (closed circles) and holes (open 
ëif1es) pogiti6ns at i a 1000 On a 2 ditherisional 500 x 500 square gygtem 120 
A complication arises through the inhomogeneity of the distribution of A and B 
eie 122 there are On aveiage C.4 pãticle Of A in a volume V, we exêet a tafldard 
deviation of V1 CA. Thus, in a region of linear extent A, we expect to find ([A]A ± 
[A]X') particles, where d is the dimension of the lattice. In a time t X' the particles in 
ihis domain will have had a chance to visit all the sites. Suppose there are more A 
particles than B in this particular region. All the B particles will be mopped up, leaving 
only those A particles that were in excess. This will be of the order of 'I[A]X' so that the 
concentration [A] in this region at that time is given by 
[A} 	
-d/2 	 (5,7) 
all 
In this case, the reaction is largely inhibited as it only take place along the boundaries 
between domains. This results in a long tail in the decay of particle density with the time 
122 When eOnidefing the eae of e4uãl iñitiãl c6ncentfatimg, it can be shown 
121  that the 
concentration decays as 
dd=4 	 (58) 
where d is the dimensionality of the walk, and d is the upper critical dimension above 
which the mean-field result holds. 
In the case where the system consists of n different species the concentration 
decay in the diffüsiOñ eOñti011êd ease becOme 
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C(t)cc 
ç(0)v2_ 	 (59) 
with the upper critical dimension d depending on n as 
d 2 s2/ (2n 3) 
	
(5.10) 
Sehef el a! 124  intfodueed the diStribUtiOn funetion i) to desefibe the Stepping-
tine densities, a modifleation ealled the ContinuOUs Time Random Walk (CTR)Ar) 
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a real crystal lattice containing defects and impurities and different hopping paths, there 
is a dispersion in the distances between nearest-neighbour localised sites available for 
hopping carriers, and a dispersion in the potential barriers between these sites. Both of 
these variables strongly affect inter-site transition rates. This in turn yields a broad 
distribution of hopping time, which is the time between the arrival of the carrier on 
successiVe sites. 
In the simple CTRW model, it is assumed that the diffusion only occurs at pre- 
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designated times. The time dependence of the random walk is governed by the hopping 
time distribution y(t). The waiting time distribution function ip(t) gives the probability 
deñiW that the time betWeen gt6pgi &ual to 124 
In the PSL process in BaFBr:Eu, there are two oppositely charged particles, 
electrons and holes that may be involved in the diffusion processes. They both have an 
equal initial concentration, and the reaction is believed to occur predominantly at or near 
EU2 sites. The PSL inteflity, 1, ig popoitiOnal to the rãtë of dhafige of OñëñtãtiOñ 
of the paile 
1(1) dC(t) = 	
C(0). 	 (5.11) 
Taking logs on both sides of the above equation 
log 1(t) = log[(d / 4)C(0)}— (1 + d / 4)logt 	
(5.12) 
=const.—(1+d14)logt 
So a log-log plot of 1(t) against time should be a straight line with a gradient of -(1+d/4) 
i.e. the gradient only depends on the lattice dimension d. 
Considering the layered structure of BaFBr (see Fig. 2.9 and Fig. 5.21), we 
might expect that the dimension d for migration should take a value between 2 and 3, 
depending on temperature. At low temperature, only the lowest-energy pathways will be 
taken. At higher temperature, the next easiest pathway would then start to be used, and 
the migration could possibly become more close to a free random walk in three 
dimensions. In fact, we found that the actual processes are much more complicated, as 
will be discussed later in this Chapter. 
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5.3 Experimental Method 
In this set of experiments, we concentrated on studying the PSL and thermal 
luminescence over a long time scale. All measurements were performed using the low 
temperature photostimulation and detection system made in this department and 
described in Section 3.2.2: Three sets of samples, BaFX, BaFX:Eu, SrFX:Eu (X = Cl, 
Br, I), as well as commercial Fuji film,, were studied. 
Samples were ground to a powder, and mixed with transparent vacuum grease 
(Dow Coming) to improve thermal contact, then loaded on a 1 1mm diameter copper 
pin; Irradiation was carried out at room temperature for 30 minutes by a calibrated 90Sr 
source. The sample pin was then stuck on the sample rod of the cryostat by vacuum 
grease (Dow Corning), and loaded down to the cryostat. Special care was taken to 
ensure that the sample was not exposed to room light between irradiation and the 
luminescence measurements. The cryostat was then cooled to a selected temperature by 
a continuous flow of liquid nitrogen or helium. After the sample reached the set 
temperature, 10 minutes were allowed for thermal equilibration and PSL signals were 
collected from the moment when the shutter in front of the HeNe laser was opened. 
Each decay curve was measured for 6000 seconds. 
For each sample, PSL decay measurements were performed over the 
temperature region between 50K and 300K, with a 50K interval. A temperature stability 
of ±0.1K was achieved at each set point. For the BaFBr:Eu sample, an extra run at 20K 
was carried out with temperature stability within ±0.5K. After each run, samples were 
warmed to room temperature and further bleached for 30 minutes. In this way a 'clean' 
sample was ready for the next irradiation. The HeNe laser and PMT were switched on 
for at least 10 hours before each measurement, in order to optimise the system stability. 
The decay of SL was also measured at 300K for each sample by detecting 
photons emitted by the sample with the HeNe laser switched off. Except for the 
SrFC1:Eu sample, the spontaneous emission of all other samples became undetectable 
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Optical windows 
Sample position for PSL 
Samplepocition for irra4ition 
To detector 
- Cryostat 
relative to the background signal below 273K after room temperature irradiation. The 
spontaneous signal of the SrFC1:Eu sample can still be detected at 250K (as shown in 
Fig.5.17). 
The cryostat was modified to allow the sample to be irradiated in situ, so that 
the SL signal could be collected from the moment 'jhen the irradiation was completed. A 
55F 	alëd X-ray soüiee in the fOfn Of a di9c, Of 12 ififfi didihew and 3 ffiffi thkne 
and with 10 mCi activity (Amersham International Model 11EC123) is set inside the 
cryostat as irradiation source. Fig. 5.2 shows the position of the X-ray source and 
sample holder in the cryostat. The sample was mounted on a lead backing plate that 
efficiently shielded it from irradiation. By rotating the sample to face the source, it could 
be irradiated, then it was rotated to a second position to observe luminescence. The SL 
decay data can then be collected from 1 second after irradiation is completed. 
X-rays source 
Fig. 5.2 A diagram of the position of the Xray source mounted inside the cryostat. 
In order to further understand the changes of PSLCs at different temperatures, 
"temperature recuperation" experiments were carried out by warming the sample 
gradually to room temperature (3 00K), having first irradiated for 30 minutes and then 
bleached at 50K for 6000 seconds. Then, with the HeNe laser on, the sample 
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temperature was increased by 2K per minute to 300K. PSL signals were collected over 
this warming period. Such measurements reveal the degree to which PSLCs reform as a 
function of temperature, and are also free from the potential complications that might 
arise from the motion and recombination of species such as VK-centres that are not stable 
at room temperature. A recuperation of PSL intensity was observed, and we present and 
discuss the result of such measurements in detail later in this Chapter. 
5.4 PSL and SL decay measurements 
5.4.1 PSL decay measurements of BaFX:Eu samples 
Figs. 5.3 to 5.5 display the PSL decay curves of BaFX:Eu (X Cl, Br, I) 
samples measured between 50K and 300K with a 50K interval. The intensities and time 
of measurement span several orders of magnitude so the results are plotted on a log-log 
scale. 
These graphs show that, after the first few seconds, all decays curves tend to be 
linear in a log-log plot. This demonstrates that the PSL decay curve is compatible with 
the random walk model presented earlier in Chapter 5.2. For the BaFC1:Eu sample, we 
notice an unusual form of decay at 150K (Fig. 5.3), with a crossover in gradient 
observed around 150K. In order to obtain more information in this temperature region, 
further measurements were carried out between 175K and lOOK, with a 15K interval and 
these results are plotted in Fig. 5.6. 
Although individual samples still have their own characters of decay, all three 
samples follow the same trend: as temperature decreases, the intensity of the initial 
emission decreases, and the decay rate decreases as well. We notice that, as temperature 
goes down, the decay curve enters the linear region more rapidly. The sensitivity of the 
PSL response to temperature becomes less as the mass of the halide ion X in BaFX 
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increases - BaFI showing relatively little change in the form of its PSL decay between 50 
and 300K. 
For the BaFBr:Eu sample, the PSL decay was measured down to 20K after 
room temperature irradiation, as shown in Fig. 5.7. 
5.4.2 PSL decay measurements of pure host BaFX samples 
Figs. 5.8 to 5.10 show the PSL decay curves of BaFX (X = Cl, Br, I) samples. 
The pure host materials show almost the same decay tendency as europium-doped 
samples with respect to temperature: as the temperature decreases, both the initial 
intensities and the decay rate decrease. In Fig. 5.8, depicting the behaviour of the BaFC1 
sample, we find the same "unusual" behaviour around 150K as we have seen in 
BaFC1:Eu (see Fig. 5.3). This sample has a particularly weak PSL signal, which leads to 
a poor signal to noise ratio at long times, and significant uncertainties in the subtraction 
of a background signal which is reflected in the curvature of the decay profile at long 
times at some temperatures in Fig. 5.8. Comparing BaFBr with BaFBr:Eu, there is not 
much difference except that the decay of BaFBr falls off more rapidly at 300K. The 
decay behaviour of BaFI (Fig. 5.10) is almost identical to that of BaFI:Eu (Fig. 5.4). 











Fig. 5.3 PSL decay of BaFCI:Eu sample at various temperatures, as 
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Fig. 55 PSL decay of a BaFI:Eu sample at various temperatures, as 
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Fig. 5.6 PSL decay of a BaFCI:Eu sample as a function of temperature 
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Fig. 5.8 PSL decay of a BaFCI sample at various temperatures, as indicated 

























Fig. 5.9 PSL decay of a BaFBr sample at various temperatures, as indicated 
in the key. 
10 
Time 
Fig. 5.10 PSL decay of a BaFI sample at various temperatures, as indicated 
in the key. 
100 
5.4.3 PSL decay measurements of SrFX:Eu samples 
Figs. 5.11 to 5.13 show the PSL decay curves of SrFX:Eu (X = Cl, Br, 1) 
samples. Their behaviour has similarities and differences when compared with BaFX and 
BaFX:Eu samples. In all cases, a decrease in temperature produces a fall in PSL signal at 
a given time, and in some cases a reduction in the decay rate. However, it is now the 
chloride that shows the least change in PSL decay behaviour with temperature, while the 
bromide and iodide both show a significant variation in PSL decay between 50 and 
300K, compared with both SrFC1:Eu and barium analogues. Furthermore, the iodide 
appears to show a crossover in the form of the decay curve, as was observed in BaFC1 
pure and europium-doped. Consideration of Fig. 5.13 for SrFI:Eu suggests that the 
stimulation process changes significantly between 50 and 100K. The relatively complex 
form of the decay curves for the iodide makes it difficult to spot systematic changes with 
X in SrFX. However, it is fairly clear that the transition from a flat decay in signal with 
time to a steeper fall in intensity with respect to time occurs at longer times as X 
becomes lighter; SrFCI:Eu in particular shows a extended, flat initial response (Fig. 
5.11). 
5.4.4 PSL decay measurements of Fuji film 
Fig. 5.14 shows the PSL decay curves of commercial Fuji film. Since a very high 
initial emission intensity saturates our PMT tube, a piece of black paper was placed in 
front of PMT tube for the first few seconds, and data were collected from I = 15 seconds 
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Fig. 5.11 PSL decay of a SrFC1:Eu sample at various temperatures, as 
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Fig. 5.12 PSL decay of a SrFBr:Eu sample at various temperatures, as 















Fig. 5.13 PSL decay of a SrFI:Eu sample at various temperatures, as 













5.4.5 SL decay measurements 
Fig. 5.15 and Fig. 5.16. display the spontaneous decay of BaFX:Eu and 
SrFX:Eu samples respectively at 300K under the same irradiation dose. In view of the 
poor signal to noise ratio and uncertainties in the background signal, it is difficult to 
determine the functional form of the decay, though it does appear to be similar to the 
linear time dependence found for their PSL decay when plotted on a log-log scale. 
Except for SrFCI:Eu, the spontaneous emission of all other samples ceased below 273K 
as far as the sensitivity of our instrumentation was concerned. The SrFCI:Eu sample still 
shows reasonably strong spontaneous emission down to 250K, as shown in Fig. 5.17. It 
should be noted that, for the 250K spontaneous decay measurement, the irradiation of 
SrFCI:Eu was also carried out at 300K. After the irradiation, 3 minutes were spent 
cooling down to 250K, and 2 more minutes were required to stabilise the temperature. 
The time axis used in Fig. 5.17 takes zero to be the moment when irradiation finishes. 
Therefore the measurement for 250K measurement is not very accurate because of the 
changing of the sample temperature during loading and cooling process. The SL decay 
of commercial Fuji film was also measured at 300K and the results for this measurement 
are plotted in Fig. 5. 18. Just as for most of the other samples, the thermal emission of 
Fuji film become undetectable below 273K. 
104 
£ 	 • BaFCI.Eu 
• BaFBr.Eu : : ••.I.i1Ih 	 A BaI9.Eu _. 
I 
1 	 1) 	 1) 
Time/s 
Fig. 5.15 SL decay of BaFX:Eu samples at 300K. 
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Fig. 5.18 SL decay of commerciai Fuji film at 300K. 
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5.4.6 PSL decay measurement of EuCl2-doped BaFBr sample 
It was observed accidentally in our laboratory that, when BaFBr is prepared 
from samples of BaF2 and BaBr2  that have been allowed to absorb a small amount of 
atmospheric moisture, the PSL signal is increased. Fig. 5.19 shows the comparison of the 
PSL and SL emission from a sample (A) prepared by the conventional route from dry 
reagents, and a sample (B) prepared from BaF 2 and BaBr2  which had been left in the air 
for a few days. 











Fig. 5.19 PSL and SL emission spectra of BaFBr samples. Sample A was 
prepared by the normal dry route and sample B was made with wet starting 
materials. 
Fig. 5.19 indicates that sample B gives at least three times stronger PSL 
emission compared with sample A, while the SL emission still has a similar intensity. 
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Both BaF2 and BaBr2  absorb water in the air, and it is likely that this impurity is then 
transformed to oxide ions during the synthesis and subsequent radiolysis. We have 
already discussed the role of low levels of oxygen impurities has hole traps that influence 
the PSL process in the BaFX (X = Cl, Br) lattice. In the case of the materials that have 
been allowed to become damp, the level of oxygen impurities is likely to be much higher. 
We did not have a particularly incisive technique to determine oxygen concentration, but 
we were able to estimate the amount of water take-up in the halide reagents by TGA 
(thermogravimetric analysis — using a Stanton Redcroft STA-780 instrument), and found 
it to be of the order of 2-4 mole %. In order to explore this possibility, we prepared a 
BaFBr:Eu sample free of relatively large quantities of oxygen by doping 0. lmol% EuCI., 
(Aldrich, 99.99%) into pure BaFBr. Fig. 5.20 shows the PSL decay curves at 250K for 
both BaFBr:Eu made with EuC1 2 and E11203 . Fig. 5.20 shows that both samples have a 
similar decay rate, but the initial intensity of BaFBr:Eu made with europium oxide has a 
much stronger initial intensity compared with the one made with europium dichioride. 
We also delibrately doped Off ions into pure BaFBr samples. Our research 
found no evidence to suggest that Off affected the performance of storage ability in 
BaFBr crystal. 
• made with EuCl2 




Fig. 5.20 PSL decay curves at 250K for BaFBr:Eu samples made with 
Eu203 or EuC12 . 
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5.4.7 Discussion 
The form of the decay of both the PSL and SL signal for most of these materials is 
clearly not compatible with the simple random-walk model that was proposed to 
describe the medium and long-time decay of the PSL signal in BaFBr:Eu at ambient 
temperatures. A reduction in temperature produces changes in the gradient of the decay 
on a log-log plot, and in some cases (most notably for BaFC1:Eu), what appear to be two 
different decay regimes. According to equation 5.12, the random walk model predicts 
that the gradient of such decay curves should only depend on the dimension d. Thus, for 
each sample, the slope of the decay curves should be the same at all temperatures. 
Clearly, this simple random walk model is not sufficient to rationalise the behaviour of a 
wider range of materials over a wider range of temperature. 
Let us first consider the effect of thermal energy on the random diffusion 
process. In the crystal lattice, randomly moving particles need to overcome a potential 
barrier when they jump from one site to another. The probability that a particle will hop 
over this potential barrier is exponentially dependent on -AE/kT, where b.E is the height 
of the-barrier, and T is the sample temperature so at higher temperatures we expect a 
stronger PSL intensity at a given time, which is what we observe. 
Our data suggest that different processes dominate at different temperatures. At 
room temperature it is thought that the dominant process leading to PSL in BaFBr is 
excitation of a trapped electron in a F(Br) centre, followed either by a tunnelling 
transition to a hole centre or a thermally assisted transition to the conduction band, 
requiring of the order of 35 meV further excitation. Replenishment of the PSLCs will 
then depend on the rate of migration of stimulable charged species. The question is what 
species may migrate. It is quite clear that the migration of anion vacancies is possible at 
room temperature, and this may be accompanied by the hopping or tunnelling of 
electrons between traps. Hole species may also be mobile - though it is less likely that 
oxide defects will be able to migrate significantly through the lattice - and VK-centres are 
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known to become mobile in BaFBr above 120K; however, such defects are believed to 
decay above 200K. Thus, we believe that it is most likely that migration of any charged 
defects that are formed at room temperature, and measured between 50 and 300K, is 
dominated by electron diffusion between F-centres, and possibly accompanied by some 
degree of halide vacancy migration. However, to the best of our knowledge, there is no 
reliable information - either experimental or theoretical 
- about the energy of electron 
migration between F-centres for these various host lattices, and few calculations have 
been performed for halide ion migration energy for the same materials. We will return to 
those cases where calculations have been performed 
- for BaFBr, BaFCI and SrFC1 - 
below. 
Whatever the precise nature of the defects and their relative stability and 
mobility, the form of the decay curve is likely not to be as simple as a single power-law 
decay. Thus, for different stimulable species I with different initial concentrations C,(0) 
and different effective lattice dimensionalities d1  for the recombinative random walk, the 
expression for the PSL emission intensity I becomes 
I = 	= (d1 /4). C1(0) . td /4) 
(5.13) 
.. lnI = ln(d. /4). C1 (0). t4)J 	 (5.14) 
~ 	in((ci1 /4)Cj (0).t_(' 1 i' 4)) 
This also explains why some PSL decay curves deviate from straight lines on a log-log 
plot, particularly at higher temperatures. The lower the temperature, the more likely that 
a single process will dominate the decay and the more likely the simple power-law will 
be found. Fig. 5.7 illustrates this for BaFBr:Eu taken at 20K, for which the decay 
conforms well to a linear log-log plot. 
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Raising the temperature may also increase the complexity of the decay curve 
through the additional component provided by the spontaneous luminescence which is 
significant for most samples at room temperature, and shown in Fig. 5.15 and Fig. 5.L6. 
Thiiik, -Co 
give rise to additional exponential terms in the decay curves for each 
contributing SL process. 
To compare the behaviour of PSL decay in different host lattices, we need to 
know the relative values of migration energies for lattice vacancies and trapped 
electrons. Some defect hopping enthalpies have been calculated for SrFCI, BaFC1 and 
BaFBr for most of the likely pathways ' as shown in Table 5.1. Fig. 5.21 shows the 




Fig. 5.21 Definition of the pathways denoted by letters for various vacancy diffusion 
- 	 . 	 process in BaFBr. 
It can be seen from Table 5.1 that path B, involving interplanar diffusion of the larger 
halide vacancy, has the smallest barrier. Diffi.ision of the fluoride vacancy (path E) is also 
a relatively low energy motion. In general, the lowest energy migration pathways have 
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lowest activation energy for SrFCI, and highest activation energy for BaFBr. If one 
extrapolates this result to the rest of the MFX (M = Ba, Sr and X = Cl, Br, I) family, it 
would appear that such vacancy migration is hardest for the largest halide ions X, and 
also largest for the larger metal cations. 
Path E(BaFBr)/eV E(BaFC1)/eV E(SrFC1)/eV 
A 2.35 1.67 4.29 
B 0.61 0.47 0.29 
C 1.11 1.30 0.65 
C 2.93 2.03 2.76 
E 0.81 0.82 0.56 
F 1.71 1.59 1.34 
Ba ion 2.45 1.85 1.40 
Table 5.1 Computed vacancy mobility energies in BaFBr, BaFCI and SrFC1 crystal for 
the different pathways depicted in Fig. 5.21. 
However, charge transfer through vacancy hopping may be accompanied by 
electron tunneling which will depend not only on the energy barrier, but also on its width 
and will therefore be inversely dependent on the size of the unit cell. The tunneling rate 
Kisgivenby'26 
K = v exp(-) 
	
(5.15) 
Where r is the separation between potential wells, v is a frequency factor which is the 
rate at which attempts to tunnel occur and is approximately by the Debye frequency 
which will beof the order of 1013  s', and is given by: 
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0= 47t(2m AK)'/h 	 (5.16) 
where m is the electron mass, AE is height of the potential barrier, and h is Planck's 
constant. For the real case of a complex material with a distribution of traps in both 
separation and energy, these relations must also be integrated over such distributions. It 
is not clear precisely what the balance will be between increasing trap depth and reduced 
trap separation as either X or M decreases in a series of materials MFX. 
For the BaFX and BaFX:Eu (X = Cl, Br and I) series of materials, the iodide 
shows the least sensitivity to temperature, which suggests either that a tunnelling process 
is most significant in replenishing PSLCs in this material, or that any thermal process is 
already very probable at 50K - i.e. has a very small activation energy. In contrast, among 
the SrFX (X = Cl, Br and I) series of materials, the chloride has the weakest dependence 
of PSL decay on temperature, while the iodide PSL signal is greatly reduced on cooling. 
It is likely that any tunneling processes in the strontium salts are suppressed compared to 
the barium salts, whose traps will be shallower, and that thermally activated hopping of 
F vacancies, which is likely to be easiest in the chloride compared to the iodide, will be 
more significant. This is compatible with some aspects of what we saw - but it involves a 
number of assumptions that we are unable to susbstantiate. We return to this problem in 
Section 5.5.2. 
Decay curves are shown in more detail for the BaFX:Eu (X = Cl, Br and I) 
series in Fig. 5.22 for (a) 250K and (b) 50K, and at the same temperatures for the 
SrFX:Eu (X = Cl, Br and I) series in Fig. 5.22 (a) and (b) respectively. It is apparent that 
the decay curve for BaFI:Eu falls particularly steeply at both temperatures. In terms of 
the simple random model, for which the gradient of this decay curve is —(1+d/4), this 
behaviour would suggest a higher effective dimension for the diffusion process, and it is 
conceivable that at longer times more distant tunnelling processes that span different 
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Fig. 5.22 (a) PSL decay of BaFX:Eu samples at 250K. 
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Fig. 5.23 (a) PSL decay of SrFX:Eu samples at 250K. 
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Fig. 5.23 (b) PSL decay of SrFX:Eu samples at 50K. 
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In SL decay measurements of BaFX:Eu and SrFX:Eu samples (see Fig. 5.15 and 
Fig. 5.16), we observed a similar decay profile in log-log plots for all the samples at 
medium and long times, again compatible with a random-walk model for recombination. 
The energy of activation for hopping between two lattice sites is only provided by 
thennal energy in this case. There is evidence that the recombination process is slower in 
the dark than when irrãdiãtôd with a HÔNe laser 
30,  so it is no §uipfise that the SL 
process is of lower intensity than the PSL process for comparable conditions. There is a 
clear relationship between the efficiency of the SL process at 300K and the sensitivity of 
the PSL curves to temperatures: those materials with the largest SL signal show the 
mildest sensitivity of PSL decay curve to temperature (BaFI:Eu among the Ba salts and 
SrFC1:Eu among the Sr salts). Thus, our interpretation of the weak temperature-
dependence of the PSL signal for SrFC1:Eu = that this is the material that has the lowest 
defect migration enthalpy among the strontium salts - is also compatible with the 
observation that it will have the greatest SL signal among the Sr salts, for this will be the 
material that requires least heat for luminescence to continue to be stimulated. 
It is believed that commercial Xray Fuji film is composed mainly of BaFBr:Eu 
mixed with an organic binding material. In Fig. 5.14 and Fig. 5.18, which concern the 
Fuji phosphor, we see a similar but more complicated decay profile than for pure 
BaFBr:Eu, in both PSL and SL decay measurements. In PSL, the decay pattern of Fuji 
film is very similar to that for BaFBr (Fig. 5.9), but slightly more curved, as for BaFI 
(Fig. 5.10). In SL decay, Fuji film, the gradient a of the log-log plot in the linear region 
is 1.03, which is closer to that of BaFI:Eu (0.94) than BaFBr:Eu (0.69). Based on this 
observation, we suspect that there is a trace of BaFI in the commercial Fuji film. We 
attempted to confirn this by various forms of analysis, but none of them were successful 
because of the poor solubility of this salt in any suitable liquid for conventional chemical 
analysis, and X-ray diffiaction measurement is not sensitive enough to determine the 
changes in the structure and the presence of I for quantities of the order of 5% or less. 
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For the study of oxygen impurities in the PSL process in BaFBr, Fig. 5.20 shows 
that the PSL decay rate is not affected by the oxygen doping in the lattice. However, the 
initial intensity of the PSL signal is much higher in the oxygen-rich sample which 
indicates that doping oxygen into the BaFBr lattice results in more photostimulable 
centres. This can be explained by the fact that the rhoriat6inic divalent áñioñ 02 can 
substitute at halide sites (preferably F -  sites) in the crystal, with the charge compensated 
by a spatially cOrréláted brOmide vacancy 52• Since 02 has excesS negative charge, 0 2 
has a high trapping ôrOs-tjOñ fOr X-ray generated hOle. ThuS, 02 doping can 
increase 
concentrations of both F centres and hole centres. However, our measurement 
shows that the presence of significant amounts of oxygen does not affect the rate of 
defect migration processes in BaFBr lattice. 
To study the iñflueñce Of Oxygen defects fiifther, we deliberately doped 2 into 
the pure BaFBr lattice. It is found, from PSL spectra measurements (Fig. 
5.24), that the 
PSL signal is increased in O.Olmol% doped sample, but actually weakened in O.O5mol% 
doped sample, relative to undoped BaFBr. The PSL signal was totally quenched when 
the doping level was increased beyond 0.5mol%. This can be explained as follows: For 
room temperature stable electron and hole centres, there must be a sufficient separation 
between them to prevent instant recombinatjon High level oxygen doping result in 
producing large amount of electron and hole centres during irradiation. For each electron 
or hole centre, there must be a hole or electron located nearby. At room temperature, 
these electron and hole centres can recombine to each other relatively easily, so that 
there are relatively few stable F centres and hole centres left in the lattice after irradiation 
is completed. Thus, the level of oxygen in the BaFBr lattice is critical for the 
performance of the X=ray storage phosphor. Considering the fact that the host BaFBr 
sample is already contaminated with oxygen as a consequence of the inevitable hydration 
that occurs during synthesis or subsequent handling of the material we suggest that 
future studies of oxygen-doping of BaFX should start from a 'clean' sample of the host 
material i.e. one that has been purged Of Oxygen to at least paits per billion levels 
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Fig. 5.24 PSL spectra of BaFBr:O samples at room temperature. 
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5.5 Temperature recuperation measurements after a 50K bleach 
5.5.1 Experimental results of temperature recuperation measurements 
At the end of Section 5.3, we state that an experiment was designed to observe 
the change of recombination centres and migration processes as the temperature was 
increased from a very low value. Each sample was first irradiated for 30 minutes at room 
temperature, and then cooled to 50K and bleached with a HeNe laser. The sample was 
then warmed up from 50K to 300K at the rate of 2K per minute with continuuous HeNe 
laser excitation. Photostimulated emission from the sample was collected with a PMT. 
Measurements were carried out on BaFX:Eu, BaFX, SrFX:Eu (X = Cl, Br and I) 
samples and commercial Fuji film. 
Fig. 5.25 and Fig. 5.26 show the changes of PSL intensities in BaFX:Eu and 
BaFX samples while warming up from 50K to 300K. In both BaFC1:Eu (Fig. 5.25 (a)) 
and BaFC1 (Fig. 5.26 (a)), the PSL emission increases rapidly between 125K to 175K, 
then drops towards 250K, although there is also a weak peak around 225K. After 250K, 
the signal increases again all the way until 300K. 
It is difficult to spot clear trends in the behaviour of the various BaFX and 
BaFX:Eu compounds. In general, there is a rise in PSL intensity on warming from 50K, 
with an abrupt up-turn in the response for BaFC1:Eu and BaFC1 at about 125K, a more 
gradual rise for BaFBr:Eu and BaFBr, and a more complex response for BaFI:Eu and 
B aFT. There is also a fairly direct correspondence between the behaviour of the pure host 
materials, and samples containing europium, the main difference being the lowering of 
intensity when the europium is not present. Thus, the resurgence of the PSL signal at 
approximately 125K in BaFC1:Eu is matched by a similar rise in BaFC1. As X increases in 
mass it appears that the temperature at which this upsurge in PSL signal occurs falls. In 
BaFBr:Eu (Fig. 5.25(b)) and BaFBr (Fig. 5.26(b)), the PSL signal increases steadily 
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from 50K (and shows secondaiy features in the region 175 = 225 in BaFBr) while in 
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Fig. 5.28 Temperature recuperation of Fuji film. 
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However, the total range of PSL intensities over this temperature range decreases 
strongly as X becomes heavier, which reflects the observed sensitivity to temperature of 
the PSL decay curves displayed in Figs. 5.3 - 5.8. The iodide samples also showed a 
more complex structure to the temperature variation of the recuperation signal, with a 
series of sharp spikes most visible in BaFI:Eu (Fig. 5.25(c)). 
Fig. 5.27 shows the temperature recuperation measurements of SrFX:Eu 
samples. All three samples show a similar form of the temperature response, with a 
gradual increase between lOOK and 200K, a cusp in the region of 225K, then a further 
rise towards room temperature. The bromide is the sample with the greatest span of PSL 
recuparation signal, which is reflected in the greatest variation of PSL decay curve with 
temperature (Fig. 5.12). The anomaly at 225K matches a similar feature seen less 
distinctly in the barium salts and we are unable to account for this in terms of defect 
migration stimulation between defect levels which should differ for different host lattices. 
The modest degree of recuperation in SrFI suggests either that the 50K bleach is very 
efficient at destroying stored charge, or that the barrier to recuperation is substantial. 
Fig. 5.28 shows the temperature recuperation measurement of Fuji film. It is 
found that the profile of Fuji film most closely ressembles that of BaFI:Eu, which. 
suggests that there is a BaFI:Eu component in commercial X-ray Fuji film. 
5.5.2 Discussion 
The prebleaching of the samples at 50K will induce recombination of most 
surviving electron and hole centres in close proximity at this temperature. Increasing 
PSL luminescence with increasing temperature could arise for several reasons. First, 
some defects could become mobile on warming, forming new PSLCs; it is possible that a 
contribution to this process arises from the dissociation of some defect aggregates. 
Second, it is possible that PSLCs that are relatively large in spatial extent - that is in 
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which the electron and hole centres are not so intimately bound - become more 
stimulable on warming;. indeed, it is possible that at low temperatures even intimate 
PSLCs show a temperature dependence of stimulability as thermal activation to the 
conduction band freezes..out. 
Let us consider. the BaFC1. and BaCI:Eu samples first because the response to 
temperature is most distinct. The rapid increase of the PSL signal between 125K and 
175K in BaFC1 and BaFCI:Eu samples could be due to the increasing of the .V K centre 
mobility, or the dissociation of VK-centre complexes around this temperature which 
happens in alkali halides . In.hapter..5:5,...we noticed.the "unusual". decay curve of 
BaFCI:Eu in the region. of 150K. (Fig 5.3).. A. few measurements were carried out in 
more detail between lOOK and 175K (Fig. 5.6). We believe this unusual behaviour is 
caused by the mobilisation of . large. amounts of trapped charged defects in this 
temperature region as detected in Fig. 5.24 (a). When the sample is warmed up to about 
120K, some defect centres which .were trapped firmly at lower temperature become 
mobile, and start to take part in the PSL process, producing new PSLCs. Some of these 
mobile hole centres. could.. also react with O. to form . O. F(Br)-centres. start to 
become mobile above 200K. in. BaFBr, then can diffuse away from. O.. leaving isolated 
O centres 56,  a siiitilàr process. is conceiable in BäFCI lit is likely that as the 
temp erture is raised from 100K to 150K, the relative rate of this kind of migration and 
the . stimulation of .recombination. of more loosely-bound .PSLCs (perhaps involving 
multiplp hopping of an electron from the F-centre to the hole centre) changes so that one 
sees the crossover in relaxationbehavjour 
How may we rationalise the. different response seen for different members of the 
series BaFX and BaFX:Eu (X = Cl, Br and I)? Halide mobility, and therefore VK-centre 
mobility, . have been calculated to decrease. .as X. becomes heavier. - though. these 
calculations were only performed for BaFC1, BaFBr and SrFC1. if we believe these 
results and also believe that. .we can extrapolate them. to BaFI, this would. predict the 
opposite to the trend we observed in the thermal recuperation of the PSL signal. 
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An alternative explanation is that there is a parallel route for recombination via 
the conduction band, and the thermal energy required for this will be lowest for the 
iodide for which traps are most shallow. The spiky structure to the temperature profile in 
Fig. 5.25(c) could then arise from thermal stimulation of defects with slightly different 
enviromnents and therefore slightly different thermal barriers to such stimulation. This is 
in agreement with our PSL decay measurements of these two samples. Finally, we have 
assumed that the only charge-storage species present on cooling from 300K to 50K are 
those that are stable to 3 00K; if it is also possible to reform less stable species through 
reactions between migrating defects at low temperature or on cooling, there may be yet 
more complex luminescent processes observed on warming the sample. Thus it is quite 
possible that the various changes in recuperation profile for the BaFX series arise from 
different types of process, depending on X, and we advise caution in trying to interpret 
such data in great detail without ftirther measurements. 
The behaviour of the strontium salts is also likely to be complex. As discussed in 
Section 5.4.7, enthalpies of activation for F vacancy migration is likely to be lower for 
strontium salts in comparison with corresponding barium salts. It is less clear what the 
trend in tunneling rates will be, and there are no reliable values for relevant trap depths in 
SrFI and SrFBr. The weakness of both SL and PSL signals for SrFI and SrFI:Eu 
compared to related bromides and chlorides suggests either that the charge is stored in 
relatively deep traps in the iodide, and is therefore less easy to detrap, or that relatively 
little charge is trapped in the first place. The first option is very unlikely, since we 
anticipate the deepest traps in this series of compounds for the chloride in which the 
lattice parameters are smallest. The second option is possible, but we have not 
conducted experiments to check it, and it would be interesting to study this possibility 
further through the magnetic measurements we describe in Chapter 6. 
The behaviour of Fuji film suggest that although the host lattice is primarily BaFBr, the 
relatively small amount of BaFI present transforms the recuperation and PSL decay so 
that it behaves in a similar fashion to pure BaFI. One possible reason for this is that the 
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iodide dopant provides a more efficient electron tunneling pathway that at modest levels 
will allow percolation of this charged species throughout the lattice, aiding formation of 
new PSLCs. 
5.6 Conclusions 
The time dependence of PSL is shown to obey a power law decay, or possess 
different power-law components, at least between 50K to 3 00K. The decay rates for 
each sample are found to be temperature dependent. A model in which the rate-
determining process is the formation of new PSLCs through a random walk process may 
be used to explain the general form of the decay. We find that the actual defect migration 
process is generally more complicated than a single type of particle random walk process 
in the lattice. There are other factors that need to be taken into account. 
At relatively low temperatures, only the lowest=energy migration pathways will 
be taken; as the temperature of the sample is raised, activated migration start to occur 
via higher-energy routes, and in general this will raise the dimensionality of the random 
walk, leading to a increase in decay gradient: a log-log plot of intensity against time has a 
gradient (1 + d14) in the simple random walk model, and d will increase as the anisotropy 
of the iandOm Walk decfeases. 
The SL decay also appears to be compatible with a random-walk migration 
model as. well, although different types, or the same type but different energy levels of 
defects are involved in the recombination process. In spontaneous emission, the decay 
curves adopt a linear form in a log-log plot better than the corresponding PSL decay 
cUrves. We beieve there are fewer types of defects involved in spontaneous 
recombination. 
We observed the release of new active defects or defect recombination 
processes on heating in our temperature recuperation experiments, but the complexity of 
Competing influences makes rationalisation difficult. For the BaFX and BaFX:Eu series 
128 
of matrials, it would appear that activation energies are lower, or that tunnelling 
processes are more significant as X increases. BaFI appears to be a particularly suitable 
material for practical applications of PSL, and it also appears that a relatively small 
amount of BaFI doped into BaFBr transforms the latter material so that. it also has better 
storage and stimulation characteristics - but without the major drawback of BaFI as a 
very moisture-sensitive material. Thus, the weak temperature dependence of the decay 
profile pf Fuji film means that the performance of devices using image plates of this 
material is relatively insensitive to temperature. 
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CHAPTER 6 MAGNETIC MEASUREMENTS 
In this Chapter, we describe the characterisation of charged defects by magnetic 
methods z ESR (electron spin resonance) and SQUID (Superconducting QUantum 
Interference Device) magnetometry. Such measurements provide information about the 
population, and perhaps also the character, of all paramagnetic species in the sample, 
both stimulable and non-stimulable. 
6.1 ESR measurements 
6.1.1 Theory of electron spin resonance 
Electron spin resonance (ESR) is a technique used to study atoms or molecules 
containing unpaired electrons by observing the magnetic fields at which they come into 
resonance with monochromatic radiation in the microwave region of the electromagnetic 
spectrum. The ESR technique has been intensively employed in detecting radiation-
induced defects in solids which alsO cOntãiñ unpaired electr6ñs 65 . 
An electron may possess both spin and orbital angular momentum, s and I 




where h is Planck's constant and s is the spin quantum number which has a value of 1/2 
and 2s + 1 = 2m, components which are degenerate in the absence of an applied 
magnetic field. Similarly, the magnitude of the orbital angular momentum is given by: 
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I=,.jl(l+1)__ 	 (6.2) 
2t 
where 1 is the orbital angular momentum quantum number for the orbital in which the 
electron resides, and has (21+1) ml components along a particular reference direction. In 
most of the case we consider in this chapter, the magnetic species is an unpaired electron 
in F-centre with s = 1/2 and / = 0; however, in the case of rare earth ions, we must also 
consider the consequence of multiple contributions to I and s. In the case of such ions, 
the angular momenta s, and 1i from individual electrons i couple to give total spin and 
orbital angular momenta S and L respectively and these in turn couple through the spin-




where the magnitude of J may be expressed in terms of a total angular momentum 
quantum number J as: 
(6.4) 
A magnetic field with flux density B lifts any degeneracy in the mj components 




where /./B is the Bohr magneton (9;273 x 1024 JT5. g is a purely numerical factor called 
the Landé splitting factor whose value depends on the way in which the orbital and spin 
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momenta couple to produce I In the case of rare earth ions which follow the couplthg 
scheme implicit in equation 6.3 (i.e. for species that adopt Russell Saunders coupling), g 
is given by: 
g S(S1)L(L1) 
2 2J(J+1) 	 (646) 
In ESR spectroscopy, paramagnetic species are excited by microwave radiation for 
which the selection rule between the Zeeman levels is L.m ±1. A resonance absorption 
will then occur at the frequency v 
V=AEIhgpB/;3 	 (6.7) 
To observe resonance it is customary to keep the frequency fixed and sweep the applied 
field over a range until absorption occurs. For ESR spectroscopy, v generally is on the 
long wavelength edge of the microwave region and most typically at 9GHz. In practice, 
the ESR absorption signal is displayed as the derivative with respect to the field. This is a 
consequence of the way in which the signal is measured, but has a fortunate consequence 
in that it often reveals fine details of the spectrum, and allows more precise 
determination of the centre of spectral features than for an ordinary absorption 
Equation 6.7 suggests that any ESR spectrum would consist of a single line for 
each paramagnetic species; however, various perturbations to the simple scheme of 
Zeeman-split levels gives rise to various forms of fine structure in the ESR spectrum. In 
a crystal containing molecules or ions with more than one unpaired electronic spin, each 
individual spin produces a small magnetic field which may act through a dipolar force on 
other spins in its vicinity. This causes a perturbation to the energy of all spin states 
except S = 0. A similar kind of perturbation may also be induced by low-symmetry 
components of the ligand field, which perturb the spin states though spin-orbit coupling. 
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Both effects introduce a fine structure in the ESR absorption spectrum and may occur in 
the absence of an external field so they are called the zero field splitting. 
A further perturbation to the rn3  states may arise through the coupling with 
nuclear spins and this is called the nuclear hyperfine splitting. A nuclear spin I has 
(21+1)m1  levels which may couple with unpaired spins on that atom or on neighbouring 
atoms to produce 21 + 1 composite spin states. The selection rule of the nuclear 
transition is: 
Am 1 = 0 
	
(6.8) 
so a resonance line in the ESR spectrum is split into a multiplet with 21+1 lines of equal 
intensity, and a separation that depends on the electron density at the nucleus. 
S=1I2 ______ - - 
Migiietic field 
Fig. 6.1 Energy level scheme for the electronic ground state of a Fcentre in an 
applied magnetic field: when the separation between m 3 states matches the exciting 
radiation, absorption occurs, shown in the lower part of the Figure. 
We shall See bëlôw that Eu 2  has a paftiôularly rich ESR sectfum, but for most 
of the samples we shall consider the signal from the F-centre dominates. This arises 
from one single electron trapped in an anion vacancy and in its ground state has 1= 0 so 
J = S =1/2, and an ESR signal is expected with a value of g close to the free electron 
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value of 2.0023. Fig. 6.1 shows the influence of an applied field B, lifting the double 
degeneracy of the m ± 1/2 spin states zero field splitting of a Fcentre, and the effect 
of an applied magnetic field and the allowed transition. In practice, g may differ from the 
free êlectrOñ váluê as a d6fiSdOefide Of a lOw-yñifntry, ãniOtfOpiô êñvirOñmeñt 2  The 
value of g for a F-centre, or more generally for a paramagnetic ion, may therefore be 
quite anisotropic in space so that the appearance of the spectrum will depend on the 
orientation of the sample with respect to the magnetic field. It is desirable therefore to 
perform experiments on single crystals oriented in different directions relative to the 
magnetic field. In our samples, even under strong y irradiation, the concentration of 
defects that can be produced in the crystal lattice is very low so the samples had to be 
relatively large for a distinct signal to be observed. The only samples for which the signal 
was sufficiently strong for us to use single crystals was for BaFBr:Eu; all other 
measurements were performed on powder samples. 
6.1.2 Experimental Method 
ESR measurements were carried Out on a Bruker (ER 2001)SRC) spectrometer 
at room temperature in the X-band with microwaves of frequency 9.81GHz. Data were 
recorded with a personal computer using the program EW (EPRWare, version 2.42). 
The microwave cavity was tuned separately for each sample and calibrated using 
a standard of DPPH (Diphenylpicrylhydrazide) whose g value is 2.0037. A background 
spectrum was measured each time, so that it can be subtracted in all the final spectra. In 
all cases a sweep time of 500ms was used when the spectra were recorded, together with 
a sweep time of 500 seconds for a field range of 700 Gauss centred at 350 Gauss for 
BaFBr:Eu, and 400 Gauss width for the rest of the samples. The magnetic flux density B 
for this instrument is expressed in terms of the field strength H in Gauss, where 1 T is 
e4uivalent to iO4  Gauss. For this pthtiôular siôtfonieter, the gain wá 4 x 10 5 and the 
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modulation was 20G. 
All samples were initially irradiated with a calibrated y source ( °Co) for 25 
hours in the dark to give an integrated dose of 9 x iø Gy 127:. This was effected by 
holding the samples in a light-tight box which did not attenuate the radiation 
significantly, then transferring the samples to the spectrometer in the dark by blacking-
out the laboratoiy and then shrouding the sample holder in light-tight cloth for the 
duration of the measurement. For reasons related to controlled access to the y source, 
and restrictions imposed by health and safety considerations, the samples had to be left in 
the dark for 40 hours between y irradiation and the first measurements. Samples were 
then exposed to sunlight and measured again and then finally remeasured after a further 
20 hours of storage in the dark. The purpose of the second and third measurement was 
to see if there was further decay in the signal at yet later times. Finally, all the samples 
were baked in a muffle furnace at 500°C to destroy any remaining charge defects. 
6.1.3 ESR spectra of a BaFBr:Eu single crystal 
A single clystal sample of BaFBr:Eu (1mm x 1mm x 1009m) was used for ESR 
measurements. The crystal was first mounted on a piece of a flattened polyethene 
drinking straw with high vacuum grease (Dow Corning), irradiated and placed in a silica 
ESR tube in the dark. The straw itself was found not to contain measurable 
paramagnetic defects with our ESR spectrometer after such treatment. Measurements 
were carried Out with two sample orientations with the crystal c axis either parallel to the 
magnetic field (c//H) or perpendicular (ciii).. 
Fig. 6.2 shows the ESR spectra for the two sample orientations. In Fig. 6.2 (a) 
with the crystal c axis parallel to the magnetic field, the spectrum contains seven sets of 
resonances, with each containing more complicated hyperfine structures. In Fig. 6.2 (b), 
where the crystal c axis is perpendicular to the magnetic field, the spectrum has a 
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Fig. 6.2 ESR spectra of BaFBr:Eu single crystal with crystal axis (a) parallel 
and (b) perpendicular to the magnetic field. 
For rare earth ions, where Russell-Saunders coupling applied, g can be 
calculated by equation 6:6; The electronic ground state of Eu 2 has the configuration 4f 
with term symbol 8 S (L = Oj S = J = 7/2); Thus i we expect a g value of approximately 
2. In fact, Fig. 6.2 shows that the ESR spectra are centred at a field corresponding to g 
1:99 in both orientations; Eu ions are located in the site of Ba ions which have the 
point syn1ntry C4, 69  The groufid state Splits into fOur dOubletS thfOuh the itffluene of 
spin-orbital coupling and internal electric fields (zero-field splitting). By applying a 
magnetic field, the degenerate spin energy levels will be separated (fine structure). Fig. 
6.3 shOws the energy splitting scheme Of the Eu 2 iOn. The sëvôñ groupS Of rëSOñañce in 
Fig. 6.2 (a) corresponding to transitions between the mj  levels which obey the selection 
rule 







Because of the coupling between the electron spin and nuclear spin of the 
europium atoms, each fine resonance is split further. There are two isotopes of europium 
with significant ãbuñdãncô (Eu' 5 ' and Eu' 53). Both have a nuclear spin I = 5/2 with a 
ratio of natural abundances of 47.8:52.2. According to the selection rule, each set of 
resonances in Fig. 6.2 (a) should have twelve lines, corresponding to the six separate 
possible transitions between nuclear spin states for both of the two isotopes of europium. 
Fig. 6.4 shows the expanded central part of Fig. 6.2 (a). 
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Fig. 6.4 Expanded central part of Fig. 6.2 (a) 
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Fig. 6.5 ESR spectra of a BaFBr:Eu single crystal oriented with c//H and 
measured (a) before and (b) after irradiation. 
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Fig. 6.5 (a) and (b) show the ESR spectrum of BaFBr:Eu single crystals with 
orientation c//H respectively before and after irradiation. Irradiation was carried out with 
the 0 sOurce fOr 40 niiñutes Our th.eãsurémérits shOw the ESR signab Of Eu 2 are not 
hariged by inadiation within experimental erfof. This iñdiãtës that Eu2 ions afd not 
ôOñvêttëd to a gkgfificdfit degree to Eu3 ions as TAdhd~hils niodel Suggests - though Of 
course some conversion could occur at a lower level. 
In BaFBr:Eu single crystals, the ESR signal from divalent europium ions are so 
strong that the Fzcentre signal can not be seen in the spectrum. For this reason, pure host 
BaFX samples were used to study the F-centres in the storage phosphor lattice. 
6.1.4 ESR spectra of BaFX samples 
Fig. 6.6 shows the ESR signals of BaFX (X = Cl, Br, I) samples. The weak 
signal at g 2 in Fig. 6.6 (a) is due to the original defects which were formed at the time 
that the samples were made. It can be seen that irradiation produces a large number of 
defects and the signal in this region of the spectrum become much stronger (b). To our 
surprise, the signal remained strong after exposure to sunlight. It seems that a significant 
proportion of radiation-induced defects which have a g value close to 2 are non= 
photostimulable. The experiment was repeated after 10 minutes exposure to light from a 
4mW HeNe laser which was diffused to cover the sample with an area of approximately 
20niiii2 . A similar level Of defocts were found in the sample after this treatnient. Efficient 
erasure was only effected by heating the samples to 500°C for an hour (c). Table 6.1 
gives the g values for the different BaFX samples (X Cl, Br and I). 
139 




- 	 I 	 • 	I 	 • 	I 	 • 	I 	 • 





- _10c 	I 	 I 	 I 	 • 	I 	
• 
3300 3400 3500 3600 3700 
600 


















• 	 • 	 • 




- 3300 3400 	 3500 	 3600 	 3700 
200 
-150 
3300 	 3400 	 3500 	 3600 	
3700 
GAUSS 
Fig. 6.6 ESR spectra for (i, top) BaFC1 and (ii, bottom) BaFBr; for each set of spectra, 
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Fig. 6.6 (iii) ESR spectra for BaFI taken (a) before irradiation, (b) after irradiation and 
(c) after heating to 5 00°C. 
B± 2 Gauss) 	gvalue (± 0001. 
BaIFCi 	I 3512 	 1.996 
BaFBr 	1 3506 	 1.999 
BaFI 	 3531 	 1.985 
Table 6.1 Centre of the resonance field and corresponding g values for radiation- 
induced defects in different BaFX samples. 
The ESR spectrum of BaFCI has one central line, surrounded by satellite 
structures. The hyperfine structures are not well resolved. They are possibly due to the 
iñtëfctiô betwn the F élewofl and the neafby Ba fluëléi 31 71 We alo ñôtiê that the 
BaFC1 sample has the strongest ESR signal, compared with that of BaFBr and BaFI. 
141 
This contrasts with the PSL result that BaFC1 gives the weakest emission in these three 
samples. We give the following tentative rationalisation of this: during irradiation, a large 
number of defects are created. However, not all of those defects are photostimulable. 
During PSL stimulation, only those F-centres which are photostimulable will be excited, 
resulting in blue emission. Thus, we are only detecting photostimulable centres during 
the PSL ñiéãsuféméñts. Othéf uñPhOtóstiriiuláble ãéñtié, gudh as F(F) arid FA  (Eu2 , F) 
ceritres 42,  nay still be trapped in the lattice. ThOse défeáts can be de-trápped by heating 
the sample to 500°C. There are different types of F-centres in a crystal. ESR 
measurements are detecting both photostimulable and unphotostimulable defects in the 
lattice. The signal observed near g = 2 is the superposition of several different signals. 
6.1.5 ESR spectra of BaFBr:RIE samples 
Fig. 6.7 shows the ESR signal of BaFBr:RE (RE = La, Ce, Sm, Gd, Tb, Dy, 
Tm, Yb) samples near the resonance expected for g = 2.. Table 6.2 gives the calculated g 
value for the principal signal of each sample. 
BaFBr:RE B (± 2 Gauss) g value (± (1001 
La 3502 2.002 
Ce 3504 2.001 
Sm 3503 2.001 
Gd 3529 1.986 
Tb 3506 1.999 
Dy 3508 1.998 
Tm 
all 	 1 
Table 6.2 g values of radiation-induced defects in BaFBr:RE samples and the 
corresponding resonance field. 
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Fig. 6.7 ESR §ipal of BaFBf doped with (i, t6) La 3 and (ii, bottOñi) Ce f6f each §dt 
of measurements, (a) was taken before irradiation, (b) after irradiation and (c) after 
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-3+ ---. 	 3+ Fig. 6.7 ESR signal of BaFBr doped with (iii, top) Sm and (iv, bottom) Gd ; for each 
set of measurements, (a) was taken before irradiation, (b) after irradiation and (c) after 
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-- 	-3+- 	• Fig. 6.7 ESR signal of BaFBr doped with (v, top) Th and (vi, bottom) Dy ; for each 
set of measurements, (a) was taken before irradiation, (b) after irradiation and (c) after 
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Fig. 6.7 ESR signal of BaFBr doped with (vu, top) Tm and (vu!, bottom) Yb ; for 
each set of measurements, (a) was taken before irradiation, (b) after irradiation and (c) 
after heating to 500°C. 
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There may of course be signals in other parts of the spectrum arising from 
paramagnetic lanthanide ions, but the g values for these signals will generally be very 
diffêréñt frOm 2 with the êxcéptiOñ Of that fOf Gd 3 , and ãré ãlO diffiëult to interpret 
because they are sensitive to the interaction of the rare earth ion with the ligand field 
environment. We will not consider such aspects of the spectra further. 
Except for the Gd-doped sample, all samples show ESR signals before and after 
irradiation which have a similar form to those of the pure host material BaFBr. 
Irradiation increases the intensity of this signal, while heating to 500°C erases most of it. 
In the BãFBr Gd ãñiplé, we ãttributé the môfé áOmpléx ESR gigfidl tO Gd 3 i6fig whOse 
8Srn ground stãté M9 an isOtrOpiá g vãlué clOé to 2.0. 
6.1.6 ESR spectra of LaOX samples 
Fig. 6.8 shows the ESR signals of LaOX (X = Cl, Br, I) powder samples, 
respectively. Table 6.3 gives the g valves of each samples. 
II (±2 Gauss) 	g value (± 0:001 
LaOCI 	I 	356 	 2.001 
LaOBr 	1 3502 	 2.002 
LaOI 	I 	3499 	 2.003 
Table 6.3 g values of radiation-induced defects in LaOX samples with corresponding 
values for the centre of the resonance field. 
Samples from the series LaOX (X = Cl, Br, I) show a similar result to most 
BaFBr:RE samples: large defect signals (b) were stored in these samples after the 
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irradiation, and the g values of these defects are close to 2. After heating the samples to 
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Fig. 6.8 ESR signal of (i, top) LaOC1 and (ii, bottom) LaOBr: in each case, spectra are 
taken (a) after irradiation, (b) after irradiation and (c) after heating to 5 00°C. 
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Fig. 6.8 (iii) ESR signal of LaOI; spectra are taken (a) after irradiation, (b) after 
irradiation and (c) after heating to 500°C 
Thus, our ESR measurements indicate that, after irradiation, there are charged defects 
centres stored in the LaOX lattice. However, in Chapter 4, we reported that we were 
unable to detect SL emission from these samples at room temperature or a PSL signal on 
illumination with a HeNe laser. We believe that this is due to the different excitation 
energy required to excite the trapped defect centres in LaOX samples compared with 
BaFBr samples, though an alternative explanation could be that the emission wavelength 
is outside our detection region (300-700nm). Efficient release of trapped charged from 
irradiated LaOX is provided by heating the samples to 500°C. 
6.1.7 ESR measurements: conclusions 
Unphotostimulable centres were detected in X-ray storage phosphor materials 
by ESR measurements. It is found that these defect centres can be bleached by heating 
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the samples to 500°C for an hour (it is quite possible that a shorter period of heating 
would also provide an effective bleach, but we did not investigate the time-dependence 
of this bleaching process). The g values of the F-centres in each sample was calculated, 
and found to have values close to 2 in all cases. LaOX samples were found to be able to 
store X-ray-induced defects which were not photostimulated by HeNe laser light. The 
ESR intensities from the BaFBr:Eu sample were found to be the same before and after 
thô iffadiatiOn, Whi& ffidiãte that thëië ig not a algnifioaiit degfee of iOñiãtiOfl of EU2 
i6fi§ to Eü3 iii the BáFBFEÜ §dffipld dufing the iffadiãtiOñ PfOe. 
6.2 Magnetic susceptibility measurements 
6.2.1 Introduction 
ESR measurements provide a very incisive probe to look at individual Zeeman 
(ms) levels of a charged magnetic defect such as an F-centre. Another common probe of 
magnetic species, though not so common in the field of radiation-induced defects in 
solid, is provided by measuring the magnetic susceptibility, X, which is a function of the 
theffiiã1lr-av6rãëd ocupation of all the ifis IdVdlg in the 117 ñ genefal this 
involves measuring the magnetic polarisation, or magnetisation M, of the material that is 
induced by placing it in a magnetic field of strength H. z  is then given simply by: 
(6.10) 
It is relatively easy to show that in the case of a sample containing isolated (i.e. non-
interacting) magnetic species of spin S, then the susceptibility X k for one mole of 
magnetic centres of spin S is given by: 
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C N40g232S(S+1) 	 (6.11) 
3kT 
where N4 is the Avogadro constant, and p0 is the vacuum permeability constant; this 
relationship is know as the Curie Law, and relates the macroscopic, measurable magnetic 
properties of the system, to the microscopic properties. In many cases we cannot make 
the assumption that the magnetic centres behave in isolation, and have to take account of 
interactions between such species. Such interactions may be broadly divided into two 
categories: the most common case arises when the interaction favours an antiparallel 
arrangement of neighbouring movements, which is know as antferromagnetic exchange 
(the word 'exchange' referring to the quantum mechanical origin of the interaction); 
alternatively, in rare cases, the interaction may favour a parallel configuration of 
neighbouring spins, which is known as ferromagnetic exchange. Clearly, 
antiferromagnetic interactions will reduce X for a given system at a given temperature, 
and vice versa for ferromagnetic interaction, and the Curie Law must be modified to 




where the Weiss constant 9 is positive for a ferromagnet, and negative for an 
antiferromagnet, and its magnitude reflects the strength of the magnetic exchange; the 
Curie Constant C is defined in the same way as in equation 6.11. Thus, if is measured 
as a function of T it may provide an estimate of the nature and population of magnetic 
species in the sample, and the strength and sign of any magnetic interaction between 
such species. We adopted this technique to probe the population of species with 
unpaired electron spins in BaFX (X = Br, I) as charge was stored and depleted. 
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6.2.2 SQUID magnetometry 
A SQUID magnetometer is essentially an instrument for amplifying very small 
changes in agnetic field 
128,1 	At the centre Of the apparatus i fn 	 s a loop of 
superconducting metal whose continuity is broken by a very thin layer of an insulating 
material - typically just a few pm thick. The flow of electricity in this loop would be 
restricted in classical physics by Ohm's law, with a bottleneck provided by the insulator. 
However, the flow of electricity in the superconducting part of the loop is non-classical: 
quanta of charge in the form of bound (Cooper) pairs of electrons flow through a 
superconductor in a coherent fashion, that is the wavefünction for the different quanta 
are in phase; furthermore, these wavefunctions may extend into the insulating region and, 
as a consequence, if the gap between the two ends of the superconductor is sufficiently 
small, quantum mechanical tunnelling may occur. The rate of this tunnelling is very 
sensitive to the relative phase of the wavefunction on either side of the side of the 
junction, which in turn is sensitive to the magnetic field in this region, so the magnitude 
of the tunnelling current provides a very sensitive measure of H, and therefore of the 
magnetisation of a sample that is brought close to the junction. Such a device, conceived 
by Josephson in 1962 and fabricated and successfully tested a few months later, is known 
as a dc Josephson junction, and is a form of superconducting Quantum Interference 
Device, or SQUID. The sensitivity of this device as magnetic field amplifier has led to 
widespread use in the most sensitive magnetometers. 
6.2.3 Magnetic susceptibility measurements on Xray storage phosphors 
Magnetic susceptibility measurements were performed on polycrystalline pieces 
of undoped BFX (X = Br, I), as well as samples doped with 0.1 nol% Eu2 , using a 
Quantum Design MPMS2  SQUID magnetometer in the Department of Chemistry in The 
University of Edinburgh. The sample holder is a thin, hollow tube of a material with 
152 
negligible magnetic inhomogeneity and therefore negligible SQUID signal; undyed 
polyethene drinking straws are suitable for this purpose. The sample was attached to the 
inside of the drinking straw with a dab of Dow Coming silicone vacuum grease, whose 
magnetic response was also found to be negligible. However, the sample holder was 
found to be damaged by gamma irradiation within the sensitivity limits of the SQUID 
measurements, showing a magnetic (paramagnetic) response after exposure to such 
radiation for 20 minutes, so the sample had to be irradiated separately then attached to 
the sample holder and loaded into the apparatus, taking care not to expose the sample to 
light between irradiation and measurement. Once the sample was loaded into the 
magnetometer, it was effectively shielded from light sources, but the transfer process had 
to be conducted either in a darkened room, where the radiation source was kept, or 
shrouded in light-tight fabric (heavy, black velvet) both in corridors and the room that 
housed the SQUID magnetometer, none of which could be darkened satisfactorily. 
A number of experiments were conducted to study the magnetic response of 
these materials during the storage and stimulation cycle. In general terms, these 
amounted to measuring the susceptibility of irradiated samples as a function of 
temperature, with and without exposure to light, and also as a function of time at a 
particular temperature to monitor any decay of signal and therefore of population of the 
charged species. The specific measurements were as follows. 
(i) BaFBr:Eu (O.lmoi%) 
A polycrystalline flake of BaFBr;Eu 2  (0.lrnol%) of mass 105 mg was irradiated 
for 23 hours with a 15 mCi 90Sr beta source, In this and all subsequent susceptibility 
measurements on irradiated samples, care was taken to place the sample in the same 
position relative to the source so that comparable doses could be made each time, but we 
did not calculate the exact dose because this would require a calibration that took into 
account the relative position of the source, the sample, and the shape of the lead housing, 
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and we did not have the means to make such measurements precisely and accurately. 
The sample was transferred in the dark to the SQUID magnetometer, and , measured in 
an applied field of 0.1 T from 5 to 3 05K. The sample was removed and exposed to 
sunlight for 2 minutes and % re-measured in the same field over the same range of 
temperature• the sample was then exposed to sunlight for a further 30 minutes before re- 
measuring its susceptibility. 
(ii) BaFBr 
Susceptibility measurements on BaFBr;Eu (O I mol%) indicated that the 
response was dominated by the paramagnetic rare earth ions: not only is the moment on 
the 5 = 7/2 Eu ion much larger that on the F-centre, but the density of such species is 
much higher even at high radiation doses, so measurements were conducted on 
undoped 
BaFBr:Eu. A 292 mg sample of BaFBr was irradiated for 20 hours in the dark with 
the 15 mCi 90
Sr beta source and a series of measurements of X made as function of T, H 
and history of the sample in terms of the field in which the sample was cooled: this third 
variable - magnetic history - was introduced because initial measurements suggested 
freezing between magnetic centres and glassy magnetic behaviour; the significance of this 
type of measurement and our observations are discussed below in section 6.2.4 (ii). 
Measurements were also performed on this sample of BaFBr before and after 
exposure to sunlight and as a function of time as it was held in the dark in the SQUID 
magnetometer at 330K to see if the decay of defect centres through thermal stimulation 
could also be monitored 
(iii) BaFJI 
Susceptibility measurements were performed on a 51.8 mg polycrystalline piece 
of BaFI after 25 hours of beta irradiation with the 15 mCi 90Sr source, FC (field-cooled) 
and ZFC (zero-field-cooled) magnetisation was measured, using a measuring and cooling 
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field of 0. IT. The sample was then removed from the magnetometer and the FC 
susceptibility measured again to determine whether the decay of defect centres could be 
observed by this technique. 
6.2.4 Results and discussion 
(i) BaFBr: Eu (0.1 mol%) 
The susceptibility of BaFBr:Eu (0 1 mol%) was dominated by Eu, for which 
the 4q ground state has no orbital angular momentum, and therefore J S = 7/2, g 2 
and hence the effective moment L, 463 13 7913 The dependence of y on T adopted a 
simple Curie form (Fig. 6.9) which was least-squares fitted to Equation 6.12 to give a 
value for C of 0.0087(2) emu inor' (where moles refers to the host lattice) this in turn 
provides an estimate of the concentration of Eu 2  in the sample of 0.11 niol%. There was 
no significant difference between the susceptibility taken before and after exposure to 
sunlight, which we attribute to the dominance of the contribution from Eu 2 to 











Figs 69; Molar magnetic susceptibility of a sample of BaFBr:Eit after beta 
irradiation (closed circles) and then after exposure to sunlight for 30 minutes 
(open circles). The line through the data represents a least-squares fit to the 
Curie law for the sample before it was exposed to sunlight. 
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(ii) BaFBr 
Initial measurements of the susceptibility of BaFBr at 10K indicated that it 
changed from being paramagnetic to diamagnetic as the field in which it was measured 
was increased. For a simple paramagnet, where , is independent of H, the response M is 
linear in H; in contrast, we observed that M rapidly saturated as H was increased, and 
then became negative (Fig. 6.10). The maximum positive value of M occurred in a field 
of approximately 0.3 T, then as H was increased further, M passed through zero at about 
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Fig. 6.10 Molar magnetisation of a sample of BaFBr after beta irradiation as a function 
of applied magnetic field at 10K. 
A simple interpretation of this behaviour is that there are two components to M, 
one of which is a conventional diamagnet (and which would show a linear, negative 
dependence on if), and the second of which has a positive response that saturates as the 
field is increased so that the diamagnetic component will eventually prevail in sufficiently 
high fields. Such a situation might arise if the host material, which is a diamagnet, 
possessed a very small amount of a soft ferromagnetic impurity whose response 
saturated in a small magnetic field. However, we repeated the measurement on the 
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sample after thorough heat treatment and optical bleaching, and no such positive 
response was observed i.e. the material just behaved as a conventional diamagnet, 
suggested that the positive component is radiation=induced. We suggest a possible 
source of a signal that saturates with field below. 
To investigate this phenomenon further, the susceptibility of the sample was then 
measured in an applied field of 0. IT as a function of temperature up to 330K, and it was 
found to rise through a maximum at about lOOK, as depicted in Fig. 6.11, then fall again 
on further warming. Such a broad maximum is indicative of the freezing of moments in 
an antiferromagnetic fashion, and bears some resemblance to the maximum observed for 
a dimer of antiferromagnetically coupled moments in a wide range of dimeric, transition 
U 	 DU 	100 	150 	200 	250 	300 
Temperature (K) 
Fig. 6.11. Molar magnetic susceptibility for a sample of beta- irradiated BaFBr and 
measured in an applied magnetic field of 0. iT. The solid line represents the Bleaney- 
Bowers equation for an antiferromagnetically couple dimer with an exchange constant 
chosen to give the same temperature for the maximum in susceptibility as the data. 
In the case of a collection of dimers of antiferromagneticallycoupled spins S = 




XM = L) 1 +3e2x 
(6.13) 
where the Curie constant C is defined the same way as for Equation 6.11, and x JIkT, 
where J is the magnetic exchange constant. However, if one compares the form of this 
expression with our data, the shape of the curve is seen to be quite different, and this 
may not be adjusted significantly by changing the variables J or C in equation 6.13 as 
these mainly alter the scale for the x or y axis respectively. 
However, there is an important difference between such systems and the 
material considered here: in the pure dimer, there is only one exchange interaction, and 
all moments will eventually freeze on cooling to form singlet pairs; in the collection of 
magnetic centres in irradiated BaFBr, there could be several strengths and even signs of 
interactions, depending on the relative positions of the interacting moments. One way to 
model this would be to modify the Bleaney-Bowers equation (6.13) so that J and C are 
replaced by distribution functions. However, we have no means of determining such 
functions, so we shall simply use the data in Fig. 6.11 to provide an order of magnitude 
for the dominant magnetic interaction through the relation between the temperature for 
maximum in the susceptibility (T%max) and the exchange constant: the curve plotted in 
Fig. 6.11 has been chosen so that its maximum matches approximately the maximum in 
susceptibility, and this arises when J 150K (i.e. for J approximately equal to 12.5 
meV) 
The random arrangement of magnetic defects and therefore of interactions 
between such defects has a second important consequence for the form of the 
susceptibility; it is quite possible that a significant proportion of magnetic defects are 
coupled to form clusters larger than dimers, and that these clusters are linked to form a 
weakly-bound magnetic network. The random pathways taken by the exchange 
interactions between denser regions of moments may now conflict with one another. 
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Consequently, one might anticipate that the low-temperature, frozen state of the system 
might contain a significant degree of disorder of the orientation of the moments. Such a 
state is commonly called a 'spin-glass' by analogy with a structural glass in which the 
constituent atoms are frozen in place, but there is no simple long-range spatial coherence 
to the struettife 131 This fOrm Of magfietigm i co toitly producd iii inhomogeiious 
magnetic materials, when magnetic impurities introduce competing magnetic 
interactions. 
The polarisation of the frozen state of a spin glass is sensitive to the applied 
magnetic field in which the system is cooled: if the material is cooled in a field, a bias is 
given to those states which are polarised in the direction of the field while if the system is 
cooled in zero field the ground state will have essentially zero magnetic polarisation. 
Thus, the susceptibility will be higher for a FC measurement than for a ZFC 
measurement, with a divergence of the FC and ZFC curves in the region of the freezing 
temperature Tf of the system. This is illustrated schematically in Fig. 6.12. 
Tf 
ZZ F CAI 
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Fig. 6.12: Schematic illustration of the divergence between field=cooled (FC) and 
zero-field-cooled (ZFC) susceptibility in the region of a spin-glass freezing transition 
(Ti). 
Thus, we measured X for BaFBr after cooling in an applied magnetic field of 0.1 T, and 






1701C, as illustrated in Fig. 6.13. We then repeated the FC measurement after keeping the 
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Fig. 6.13. Molar magnetic susceptibility for a sample of beta-irradiated BaFBr and 
measured in an applied magnetic field of 0. iT. Open circles represent data taken after 
cooling in zero field (as displayed previously in Fig. 6.11), grey circles represent field- 
cooled data and black circles data taken after exposing the sample to sunlight and 
measuring after cooling in a field. 
However, when the sample was held at 330K in the magnetometer, there was a 
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Fig. 6.14. Dependence of molar magnetic susceptibility of betairradiated BaFBr as 
a function' of time as the sample is held in the dark in the SQUID magnetometer at 
330K. 
In view of the nonlinear response of the magnetisation to the applied magnetic field, 
illustrated in Fig. 6.10, and the complication of spin-freezing, it is not possible to use the 
susceptibility data to quantify the' number of magnetic defects precisely without a mature 
model for coupled dimers and higher-order clusters. It is also unfortunate, that the 
reproducibility of the susceptibility measurements between successive runs separated 
only by the process of removing and reloading the sample is not sufficient to allow us to 
meaningfully compare signals before and after exposure to light. However, it is possible 
to infer from the data illustrated in Fig. 6.14 how the population of defect states decays 
spontaneously with time at a given temperature. It should be possible to measure the 
reduction of population of defect centres during the PSL process by illuminating the 
sample in our magnetometer: the sample stick is hollow and wide enough to take a fibre 
optic cable allowing us to shine HeNe light onto the sample as the susceptibility is being 
measured. Such modification also requires suitable optical components at either end of 
the fibreoptic cable, enabling the HeNe light to be fed in efficiently, then diffused and 
directed onto the sample at the other end'. 
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(iii) BaFI 
The dependence of magnetisation on applied field for BaFI showed a very 
similar saturation to that observed for BaFBr (Fig. 6.10). Thus, it is not possible to 
derive precise and accurate values for the number of paramagnetic species in irradiated. 
BaFI by this technique, but it is possible to follow changes in populations and also to 
gain insight into the nature of interactions between such defects. In particular, FC and 
ZFC measurements on BaFI indicated the presence of both isbiated and coupled 
magnetic centres: at low temperatures a distinct paramagnetic signal was observed, with 
a Curie-like dependence on temperature, while at higher temperatures, a broad feature 
was observed in the : T curve, suggesting a wide range of coupled species (Fig. 6.15). It 
is also clear that the populations of defects changed with time when left in the dark at 
room temperature and above, so it is difficult to compare precise forms of susceptibility 
curves taken at different times and before and after removal frdm the iñstrumeflt to 
expose to sunlight. Thus, the irregular divergence between the FC and ZFC susceptibility 
curves over the temperature range 150 - 300K suggests a broad range of interactions, 
with some spin-glass character but it would be unwise to interpret any detail in these 
curves. 
A much more distinct effect is observed after exposure to sunlight: not only is 
the signal greatly reduced, but the : T curve is dominated by the low temperature Curie 
thnction, indicating that the principal form of paramagnetic species that remain after this 
treatment is in the form of isolated species. The line through this data set represents a 
least-squares fit to a Curie expression, plus a temperature-independent term. Thus, it 
appears that exposure to sunlight rapidly destroys paramagnetic defects that are close to 
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Fig. 6.15 Molar magnetic susceptibility for a sample of BaFI irradiated with beta 
particles and measured in an applied magnetic field of 0.02T. Data were taken first after 
cooling in zero magnetic field (open circles), then after cooling in an applied magnetic 
field of 0.1T (grey circles) and then after exposure to sunlight and cooling again in an 
applied magnetic field of 0.1T (black circles). The line through the last data set 
represents a least=squares fit to the Curie Law plus a temperature=independent 
background. 
6.2.5 Conclusions 
It is quite clear that magnetic susceptibility measurements performed with a 
device of the sensitivity of a SQUID magnetometer may provide an effective probe of 
the population of magnetic defects in irradiated soli4s. Such a probe is less incisive than 
ESR in terms of the detailed information it may provide about the environment of the 
principal forms of defect. However, it does provide information about the interaction 
between defect centres that might not be possible to derive by conventional ESR 
techniques. The application of SQUID measurements to the particular compounds 
discussed here was made more difficult by the complicated nature of the defects due to 
thermal decay at elevated temperatures, due to difficulties in achieving reproducible 
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signals befoe -and .after -changing The -sample, -and -because-of The complex nature -of the 
interactions between defect centres. 
The operational difficulty of signal reproducibility could be lifted by adapting the 
magnetometer so that illumination eeukl be -pci ftn iiied in situ by means of a fibre-optic 
light-pipe and suitable optics, delivering the beam from a HeNe laser or other light 
source to the sample.-Equiptuent fialturepviitd us fruin'-exploring -this -possibility, or 
indeed for performing more thorough studies of the magnetic phenomena we observed, 
but we plan to take this up again when the magnetometer is operational again. 
BaFBr appears to be a promising system to model glassy magnetic behaviour. A 
better diagnostic-test for-spin-glass.behaviouristhe measurement of the AC (alternating 
current) susceptibility, whereby the magnetic response of the system is measured as a 
function of,frequency-of-external alteiTtating -field. in-g1asssystems -show -characteristic 
dependencies of susceptibility on this frequency, reflecting the fact that as different parts 
of this inhomogenous system freeze-on -c-ooling, so the 44gher frequency -response is 
suppressed. Such measurements give further insights into the strength of coupling and 
the developing-size-of magnetic clusters. 
BaFI is more complex: it is likely that magnetic interactions are stronger in this 
material because they will be mediated by the polarisation of-the host lattice, and this is 
stronger for a more polarisable material, with a higher covalent character to the bonding. 
Certainly 9ur initial measurements, summarised in Fig. 6.15, imply abroad spectrum of 
interactions with mean exchange constants reaching up to at least room temperature. 
However, ,at such temperatures, the thermal stability of such species is low if they are 
close to one another, so the very effect we wish to observe will spontaneously decay 
with temper1ature. 
164 
CHAPTER 7: CONCLUSIONS 
This thesis describes an investigation of the X-ray storage phosphor BaFBr:Eu, 
and related materials including BaFX:Eu (X = Cl, Br, I), SrFX:Eu, the pure host 
materials BaFX, BaFBr samples with different ratios of F/Br (F/Br = 0.8/1.2, 0.9/1.1, 
1.1/0.9 and 1.2/0.8), BaFBr:O, as well as LaOX which has the same crystal structure as 
BaFX. All the samples were first synthesised by the methods described in Chapter three. 
Optical and magnetic spectroscopy studies were then conducted in order to elucidate the 
mechanism which govern both storage and stimulation process of MFX:RE (M = Sr, Ba; 
X = Cl, Br and I; RE = rare earth) 
BaFBr:Eu is known to be able to store radiation energy while it is irradiated 
with a X-ray, B-source, or y-source. When excited by red light, this stored energy can be 
released through PSL at 390nm. We discovered that, even without photo excitation, 
BaFBr:Eu is observed to give emission at the same wavelength, which we call SL 
(spontaneous luminescence). The PSL and SL emission energies and intensities were 
obtained for each of the samples we prepared by optical spectroscopy measurements. 
Both PSL and SL signals are found to follow the same trend as the mass of the halogen 
ions increased: emission energy decreases from chloride to bromide, then to iodide. It is 
discovered that, for europium doped BaFX and SrFX samples, the PSL spectra appear 
the same as the SL spectra for each sample, although PSL signals are always much 
stronger than the corresponding SL signals. However, for the host BaFX samples, the 
PSL signals are at a shorter wavelength -than. their SL peaks. This cates'that Eu 2 
ions provide an efficient channel for the radiative decay during the electron and hole 
recombination -processes for-all-t-hese-host.--materialS. -Our own -ESR -studies--on -4hese 
materials show that -within-  the -limits -of-the ineasurementrEu 2 ions -are not photoionized 
to Eu3+ during irradiation. Thus, it isthe energy released from the electron and hole 
recombination which excite Eu2+ into its excited state, and give simple characteristic 
Eu2+ emission. 
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By analysing the PSL and SL emission from pure host BaFBr and the samples 
doped with different rare earth ions (La, Ce, Sm, Eu,, Gd, Tb, Dy,. Tm, Yb),, it is found 
that only Eu doped samples have, essentially the. same. emissionenergy as pure. BaFBr 
and, at the  same time, largely increases the PSL intensity. BaFBr:Ce and BaFBr:Yb give 
- Ce3 and'Yb3 emission, but.they are. much..waker. then.theBaFBr:Eu.sample... Consider 
the fact.that the energy.gap..ofEu 2 between.the..ground.state.andthe.flrst. excited, state 
is similar to the PSL emission. energy of the host compound BaFBr,. the energy transfer 
during electron and hole recombination is particularly efficient in the europium doped 
sample. Thus, doping. europium into BaFBr makes the best storage phosphor among the 
BaFBr:RE series. 
Long-time PSL decay phenomena were also studied, and we believe the defect 
migratiQn in the lattice to be responsible for this occurrence. It is found that the time 
dependence of the PSL. signal. is close to a power law decay, at least between 50K and 
300K, And a random walk model is used to rationalise this observation. The simple 
random walk model predicts a gradient for the decay curve of (1 +d14) when plotted on a 
log-log scale, where d is the lattice dimension for the random walk. However, it.is 
believed that the actual. .defect migration. processes are far more complicated than. this 
simple nodel and that a successftil model should also consider multiple migration 
pathways, in various directions,.hopping.botkwithin and between .the halide layers.. 
SL decay can be explained by random migration model as well, although it. is 
found from the SL sp.ectroscopy study.that it involves different types,. or the same type 
but different energy levels, of defects, compared with PSL process. 
We observed that,. after being bleached .by. the HeNe laser at. 50K, the PSL 
signals recuperated when the sample is warmed up to 3 00K. We measured the change of 
the PSL .signl as a ftinction of temperature during the warming, up. process.. This 
temperature' recuperation measurement provides a new way to study photostimulable 
centres. An important. observation is.the release of new photostimulable centres when the 
sample i§ warmed from 50K to 300K. It is likely that VK centres become mobile at 
temperatures of the order of lOOK since such defects are known to become mobile at 
approximately 120K in BaFBr. However, these same defects are also likely to decay well 
below room temperature, decaying spontaneously at 200K in BaFBr, so additional 
features in the PSL intensity-temperature profile are likely to result from detrapping of 
electrons. These temperature profiles relate to the changing form of the PSL-time 
curves; those samples such as BaFI which show a modest change in the PSL-time curves 
also show the smallest variation in recuperation profile with temperature. 
With regard to the impact of oxygen ions on the phosphor performance, it is 
found that a small level of oxygen contamination results in more photostimulable centres 
being produced after irradiation, although it should be mentioned that too much oxygen 
(more than 0. Smol%) in the lattice will eventually suppress the PSL signal. This 
conclusion is based on two pieces of evidences: first, the starting materials contaminated 
with water lead to better BaFBr:Eu storage phosphors; second, BaFBr doped with 
europium oxide has stronger emission intensity then a sample doped with europium di-
chloride. The reason why oxygen helps to increase the concentration of photostimulation 
centres is not very clear, but one possible influence is that oxygen substitution in the 
lattice causes an unbalance of local charge. As a result, there will be a bromide vacancy 
trapped nearby as a charge compensator. Thus, there could be more F(Br) centres 
created after irradiation, which enhance the storage ability of the phosphor material. 
However, when the concentration of oxygen is too high, the PSL signal will be quenched 
due to the high concentration of F centres resulting in the defect centres which can easily 
recombine with each other, so that there will not be any stable photostimulable centres 
after the irradiation is completed. Thus, the level of oxygen doping is critical for the 
performance of X-ray storage phosphor. It is discovered by PSL decay measurements 
that oxygen in the lattice does not affect the kinetics of the random migration process of 
defects in the lattice. 
The results of our PSL spectroscopy and decay kinetics measurements indicate 
that the major chemical component in commercial Fuji film is BaFBr:Eu, but there are 
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additives that modify the character - in particular ensuring a very rapid decay at room 
temperature that does not change significantly on cooling - and the form of the decay 
kinetics indicates that this might be iodine. This should be tested by a form of elemental 
analysis that does not require dissolution of the material - for example X-ray 
photoelectron spectroscopy. It would be interesting to study the influence of iodine-
doping on BaFBr with regard to storage capacity and stimulation sensitivity. Our 
measurements indicate also that SrFC1:Eu could provide the basis of an X-ray storage 
phosphor, and it would also be interesting to look at mixed materials to study the effect 
of strontium-doping on barium salts. 
So far, most of the published studies concentrate on photostimulated signals. 
Our magnetic méasurëments show that not all the F centres created by irradiation can be 
detected by optical measurements. Only a small part of these defects are 
photostimulable; others are stable under room temperature excitation. These 
unphotostimulable F centres were observed by ESR measurements, and their g values 
were obtained for each sample. These centres are found to be bleached by heating the 
samples up to 500°C. Magnetic susceptibility measurements using a SQUID 
magnetometer also proved to provide an incisive method to probe the concentration of 
magnetic defects before and after optical stimulation; it also revealed something of the 
interactions between such defects, suggesting that for BaFBr:Eu at least, these 
interactions extend in an inhomogenous fashion through the material and give rise to a 
spin-glass character. This is the first time that this kind of magnet has been produced by 
irradiation. 
The various studies described in this thesis raise a number of issues that need 
further investigation. For example, the oxygen level in the BaFBr:Eu lattice affects the 
performance of the phosphor materials. It is certain that the starting material BaFBr used 
for the oxygen doping experiment was contaminated with oxygen during the synthesis; 
special treatments are needed to make ultra-clean samples, using aggressive oxygen 
scavengers to produce materials with less than parts per billion impurity levels. It would 
02 
also be usful to test the actual level of oxygen in the host BaFBr compound, so that the 
critical level of oxygen doping can be detected more precisely, but it is not clear that 
there are reliable probes of this form of impurity at the levels of interest. 
It will be interesting to conduct the irradiation and stimulation processes at low 
temperatures. Since each type of defect centre has a different stability and mobility at a 
particular temperature, it will be interesting to study the different defect centres created 
at various irradiation temperatures. Selecting a proper irradiation temperature will 
produce a dominate type of defect centres in the lattice, so that this type of defect can be 
carefully studied. However, the type of PSL or SL measurements we conducted provide 
a somewhat indirect method to probe such defects; it would be better if we had some 
form of spectroscopic information - for example if the emission were to be disperse, or 
we perform careful magnetic measurements to reveal different energy states associated 
with different defects. 
For obtaining more information on unphotostimulable centres through ESR 
measurements, oriented single crystal samples are needed. This in turn requires larger 
single crystals than our cooling methods yields - these being typically a small fraction of 
a millimeter across; instead a Bridgeman furnace is required to pull the crystals with fine 
temperature control. Further magnetic measurements using a SQUID magnetometer, in 
combination with in situ optical stimulation through a fibre-optic light-pipe are planned, 
and should reveal the actual populations of paramagnetic defects, and some indication of 
the strength of interaction between such defects. 
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